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The objective of the study was to compare the trihalomethanes (THMs) produced from 
ferrate with hypochlorite and to determine how different the THM production would be for a 
given degree of disinfection (3 log reduction in Heterotrophic Plate Count (HPC)). Different 
water samples were collected from Lake Claire, Atlantic Ocean, and secondary effluent from an 
advanced wastewater treatment plant. THM formation was determined using a standard assay 
over 7 days at room temperature. In addition samples were tested for Total Coliform Escherichia 
coli (TC/E.coli), and heterotrophic bacteria using HPC by spreadplating on R2A agar. Dissolved 
organic carbon (DOC) was measured as well. Dosages of 2, 5, and 10 ppm of hypochlorite and 
ferrate were used for Lake Claire and Atlantic Ocean water, while 1, 2, and 5 ppm dosages were 
used for wastewater treatment effluent. Ferrate resulted in 48.3% ± 11.2% less THM produced 
for the same level of disinfection (i.e. approximately 3 logs reduction in HPC).  Oxidation of 
DOC was relatively small with a 6.1 to 11.6 % decrease in DOC being observed for ferrate doses 
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Since the chlorination process was first used for disinfection of drinking water during the 
early 1900s, a dramatic reduction in the risks associated with waterborne diseases happened, 
along with an increase in water quality. More recently alternative disinfectants have come into 
use for a variety of reasons. One major reason was that chloroform and other disinfection by-
products (DBPs) were discovered as a product of the disinfection process in the early 1970s. 
Since the first discovery of trihalomethanes (THMs) and other DBPs of chlorination 
processes (Rook, 1974), these compounds have gained a steadily increasing amount of attention 
as a public health concern.  Many of the regulated DBPs have been identified as potential 
carcinogens (Rook, 1974; Fielding and Farrimond, 1998; EPA, 2006) and as a result they have 
been regulated with increasingly stringent maximum contaminant limits (MCLs). 
THMs are the most documented category of DBPs as they were identified early and are 
known to have a harmful impact on public health as potentially carcinogenic compounds 
(Moudgal et al., 2000; Cantor et al., 1999).  In addition, THMs tend to be the dominant DBPs 
produced during chlorination which is still the most widely used disinfectant due to its efficiency 
and low cost (Rodriguez et al., 2004; Jiang et al., 2006; Schuck et al., 2006). 
Today, researchers are being challenged to find alternative disinfectants that meet the 
stringent DBP standards. Different disinfectants are being used, each with its advantages and 
drawbacks.  Some of the best known disinfectants are chlorine, chloramines, chlorine dioxides, 
ozone, and Ultraviolet (UV) light. Table 1 below summarizes the applicable disinfectants with 
there advantaged and disadvantages. 
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Table 1 Applicability of alternative disinfection techniques (Xie, 2004) 
Consideration Cl2 O3 ClO2 UV 
Equipment reliability Good Good Good Fair to good 
Relative Complexity of the 
technology Simple Complex Moderate Moderate 
Safety Concerns Yes Moderate Yes Moderate 
Bactericidal Good Good Good Good 
Virucidal Moderate Good Moderate Good 
Efficacy against protozoa Fair Moderate Fair Fair to moderate 
By-Products of health concern Yes Some Some None Known 
Persistent Residual Long None Moderate None 
React with Ammonia Yes No No No 
pH dependent Yes Slight Slight No 
Process Control Well Developing Developing Developing 
Operations and Maintenance Low High Moderate High 
 
Under an alkaline environment, ferric ions (Fe III) can be oxidized to form ferrate (FeIV) 
in the form of FeO4-2 (Thompson et al., 1951; Lee et al., 2004). Ferrate is a strong oxidant and an 
effective disinfectant, as well as a coagulant as a result of its final products, ferric ions; ferrate 
has many potential applications for different water and wastewater scenarios due to its novel 
properties (Audette et al., 1971; Williams and Riley, 1974; Larson and Rockwell, 1979; Kazama, 
1995; Jiang and Lloyd, 2001; Wei and Yong-Mei; 2004). In addition, potassium ferrate is an 
environmentally friendly oxidant with non-toxic byproducts when added as solid product 
(potassium ferrate) (Sharma, 2002). 
Due to the disinfection by-products that result from different disinfectants that are widely 
used, especially chlorine, ferrate (Fe VI) has gained more interest and further study as a potential 
disinfection alternative.  Over the last three decades many researchers have studied the 
replacement of chlorine with ferrate for disinfection purposes (Murmann and Robinson, 1974; 
Gilbert et al., 1976; Waite, 1979; Schink and Waite, 1980; Kazama, 1994; Karaatli, 1998. Jiang 
and Lloyd, 2002; Jiang and Wang, 2003b; Jiang and Wang, 2005; Schuck et al., 2006; Jessen et 
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al., 2006; Sharma, 2007). Under acidic conditions ferrate has the highest redox potential among 
all other oxidants and disinfectants that are used in water treatment applications (see Table 2). 
Table 2 Redox potentials for various oxidants (Jiang and Lloyd, 2002) 
Oxidant Eo, V (Basic) Eo, V (Acidic) 
Chlorine 1.358 - 
Hypochlorite 1.482 0.841 
Chlorine Dioxide 0.954 - 
Perchlorate 1.389 - 
Ozone 2.076 1.240 
Hydrogen peroxide 1.776 0.880 
Dissolved Oxygen 1.229 0.400 
Permanganate 1.679 0.588 
Ferrate(VI) 0.70 2.20 
 
This study will examine the ability of ferrate to reduce formation of THMs if it used as an 
alternative to chlorination. A comparison between chlorine and ferrate will be conducted for 
disinfection of bacteria, dissolved organic matter (DOC) reduction, and THMs formation for 




This chapter will summarize studies related to ferrate chemistry, preparation and water 
applications. This study will review natural organic matter (NOM) oxidation, disinfection and 
disinfectants in use, as well as DBPs including mechanisms and kinetics of formation, factors 
affecting formation, technologies used to control DBP formation, and decomposition of DBPs.  
2.1 Ferrate 
The chemistry of ferrate, its properties and methods of preparation for applications in 
treating different source waters has been studied thoroughly during the last three decades. This 
section summarizes some of the studies of ferrate and its applications. 
2.1.1 Chemistry of Ferrate 
According to Lee et al. (2004), ferrate was studied through X-ray powder pattern and 
found to have a tetrahedral structure in solid crystals such as K2FeO4 where four equivalent 
oxygen atoms are covalently bonded to a central iron atom with a +6 oxidation state. Figure 1 
shows the structure and the bonds between iron and oxygen when ferrate exists in aqueous 
solutions as FeO4-2.  It has three resonance hybrid structures in aqueous solutions.  Ferrate is not 
stable in acidic solutions and tends to be very active as an oxidant which can be exploited for 
oxidation of different organic water contaminants (BOD, COD, NOM, DOC) (Sharma, 2002; 
Jiang et al., 2006).  In addition ferrate is an effective disinfectant (Jiang and Lloyd, 2002; Jiang 
et al., 2006; Jiang et al., 2007; Basu et al., 1987; Gilbert et al., 1976). 
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Figure 1 Three of the ferrate structures that might be found in aqueous solutions (Lee et al., 
2004). 
 
When ferrate is reduced it forms ferric iron which is a good coagulant that is used widely 
in the field of water and wastewater treatment which gives ferrate the additional ability to be a 
good coagulant for turbidity and suspended solids removal (Ma and Liu, 2002; Jiang and Lloyd, 
2002; Jiang et al., 2005). Those novel chemical properties of ferrate make it a promising 
chemical to study for application in water treatment (Murmann and Robinson, 1974). 
Ferrate results in a deep purple color that can be detected even at low aqueous 
concentrations (e.g. 2 mg/l).  It is prepared from ferric iron in the presence of hypochlorite as an 
oxidant under alkaline conditions (White and Franklin, 1998). It can be found as potassium or 
sodium salts depending on the method of preparation. However, it can also be found as some 
other alkaline earth ferrates such as SrFeO4 and BaFeO4 (Losana, 1925; Gump et al., 1954; 
Scholder, 1962).  There have also been some attempts to use transition metals to prepare ferrate 
(e.g. Zn+2, Hg+2, Fe+3, Co+2, Pb+2) which did not succeed (Herber and Johnson, 1979; 
Firouzabadi et al., 1986).  Ferrate is insoluble in most organic solvents and able to rapidly 
decompose in alcohol solutions forming aldehydes or ketones (Sharma, 2002). 
Goff and Murmann (1971) found that ferrate at high pH (pH 10) exchanged oxygen very 
slowly with water forming oxygen gas and ferric hydroxide as in equation 1.  
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                            4K2FeO4 + 10H2O → 4Fe(OH)3 + 3O2↑ + 8KOH.  (1) 
Ferrate is weakest as an oxidant between the pH of 9.4 and 9.7 (Lee and Gai, 1993).  It is 
most stable under high alkali conditions (3 M) (Wanger et al., 1952).  
2.1.2 Ferrate Methods of preparations 
Ferrate is produced as either sodium or potassium salts using three known techniques: dry 
oxidation, wet oxidation and electroysis (Lee et al., 2004). 
2.1.2.1 Dry Oxidation 
The dry techniques involve heating various potassium and iron containing minerals 
(Scholder, 1962). In dry oxidation ferric iron is oxidized under high temperature and pressure to 
generate ferrate salts following this reaction: 
 
                                             Fe2O3 + 3Na2O2 → 2Na2FeO4 + Na2O (2) 
 
This method is known to be dangerous, hard to control, and not feasible to generate 
ferrate for practical usages. 
2.1.2.2 Electrolysis Method 
This method involves electrolyzing an alkaline solution with an iron anode The ferrate 
generation stoichiometry will follow equation 3: 
 
                                         Fe + 8OH- → FeO4-2 + 4H2O + 6e - (3) 
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This method is also considered to be hard to control and expensive which makes it 
unsuitable for most applications. 
2.1.2.3 Wet Oxidizing Method 
The wet-oxidation technique is based on oxidizing ferric iron in solution using 
hypochlorite in a basic or alkali environment (Thompson et al., 1951).  The process follows 
reactions 4 and 5: 
 
                 2Fe(OH)3 + 3NaOCl + 4NaOH → 2Na2FeO4 + 3NaCl + 5H2O  (4) 
 
                                    2Na2FeO4 + 3KOH → K2FeO4 (s) + 2NaOH (5) 
 
Sharma (2002) stated that the wet oxidation method was found to be the most effective 
way to produce ferrate. However, the high cost and difficulties of preparing ferrate using the wet 
oxidation method was a practical obstacle against more widespread use of ferrate due to the need 
for high purity chemicals and other concerns (Lee et al, 2005). Recently, Daly (2005) developed 
on-site ferrate preparation with sodium salts using wet oxidation.  This onsite synthesis of liquid 
ferrate hopes to overcome the problems of high cost of preparation to make broad use of ferrate 
feasible as an alternative for different water treatment applications. In this method ferric chloride 
is added first to sodium hypochlorite in the presence of sodium hydroxide producing a liquid 
solution of sodium ferrate.  This method is adapted from the wet oxidation method described by 
Thompson et al. (1951) and White and Franklin (1998). 
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                      2FeCl3 + 3NAOCl + 10 NaOH →2Na2FeO4 + 9NaCl + 5H2O  (6) 
                                              Na2FeO4 + 2KOH → K2FeO4 + 2NaOH  (7) 
Equation 7 above represents adding potassium hydroxide to the ferrate to obtain it in 
solid crystal precipitant from the solution. 
2.1.3 Ferrate Applications 
Many studies for ferrate applications have been conducted, showing the ability, strength, 
and effectivness of using ferrate in a number of applications. 
2.1.3.1 Ferrate as Disinfectant 
Ferrate can work as a disinfectant very effectively. Ferrate is effective over a wide pH 
range (Sharma, 2007) and known to have the highest redox potential compared to the other 
oxidants typically used for water and wastewater treatment under acidic conditions (Sharma, 
2002).  Studies have shown that ferrate was an effective disinfectant using Escherichia coli (E. 
Coli) as an indicator organism (Murmann and Robinson, 1974;Gilbert et al., 1976; Kato and 
Kazama, 1983, 1984).  In addition ferrate was found to deliver more than 6-log10 reduction for 
inactivation of E. Coli at a lower dosages (6 mg/l as Fe) than chlorine (required 10 mg/l) over a 
wide pH range in wastewater (Jiang et al., 2005). Jessen (2006) showed that ferrate is effective 
for complete inactivation of significant concentrations of different microorganisms in ballast 
water with no subsequent regrowth.   
Ferrate also was able to kill some organisms that are resistant to chlorine, such as aerobic 
spore-formers and sulfite-reducing clostridia (Jiang and Wang, 2003b). It also has an ability to 
inactivate viruses (Schink and Waite, 1980; Kazama, 1994, 1995). 
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2.1.3.2 Ferrate as an oxidant and coagulant 
Ferrate has many potential applications for different water and wastewater scenarios, and 
is an environmentally friendly oxidant with non-toxic byproducts (Sharma, 2002). Ferrate also 
shows a high ability to oxidize different chemicals (Audette et al., 1971; Williams and Riley, 
1974; Delaude et al., 1995; Kazama, 1995; Jiang and Lloyd, 2001; Sharma, 2002; Lee, 2005). 
As NOM is considered to be the main precursor for DBP formation in water, ferrate 
reactions with NOM are of interest. Potassium ferrate showed ability to reduce TOC from fulvic 
acid (FA) solutions by 48% within 30 minutes at pH 9 when dosage of ferrate was used in 12:1 
ferrate to TOC ratio Lee et al, 2005).  Even better results were obtained when pH was 7.Que et 
al. (2003) also studied the oxidation ability of potassium ferrate for fulvic acids.  Ferrate had dual 
roles as an oxidant and coagulant, with 90% removal of 2 mg/l initial fulvic acids concentration 
when ferrate was used in the ratio of 12:1 with a 30-minute contact time.  These removals were 
observed at a pH of 8 to 9.  The study also showed significant removal of turbidity, especially 
when the initial turbidity was high.  Many studies have shown the ability of ferrate to remove 
turbidity as a coagulant from water as a result of its property of producing ferric iron after being 
reduced. 
Jiang et al. (2001) studied ferrates ability to remove fulvic acids, UV254, and COD. 
Ferrate was able to enhance the removal of UV254 by 10-15% more than ferric sulfate in the 
range of 2-12mg/l.  In addition it showed a 10% higher DOC removal. 
As a coagulant due to ferric iron (Fe III) formation, ferrate has the ability to reduce COD, 
Turbidity, BOD, and NOM levels, as well as oxidation of some soluble compounds like phenol, 
naphthalene, nitrilotriacetic acid (Waite and Gilbert, 1978; Larson et al., 1979; Waite, 1979; Carr 
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et al., 1981; Deluca et al., 1992; Farooq and Bari, 1986; Waite and Gray, 1984; Ma and Liu, 
2002; Graham et al., 2004; Wei and Yong-Mei, 2004). 
2.1.3.3 Ferrate as oxidant for Nitrogen Species 
Sharma et al (1998) studied the oxidation of ammonia by ferrate and showed that ferrate 
transforms or removes ammonia, although reaction rates were slow and often did not proceed to 
completion.  In contrast the studies showed that ferrate can rapidly oxidize nitrite to nitrate. He 
also demonstrated in another study (2002) that ferrate can effectively treat some nitrogen and 
sulfur containing contaminants in water and oxidize them to harmless products.  Lettie (2006) 
found that a Total Kjeldahl Nitrogen (TKN) removal as high as 70% and COD removal greater 
than 55% could be achieved using ferrate at high dosages. The TSS production after ferrate 
treatment was in a range of 12 to 200 mg/L for doses between 10 and 50mg/l FeO4-2. 
2.1.4 THMs Formation by Ferrate 
Jiang et al. (2005) studied the THM formation potential (THMFP) of ferrate and showed 
at low concentration that ferrate (5 mg/l) had a THMFP of less than 100 µg/l.  Ferrate was able 
to oxidize NOM, humic acids, fulvic acids, and reduce UV254 (Jiang et al., 2001; Qu et al., 2003; 
Lee, 2005), distroying organic DBP precursors.  Waite et al. (1984) also studied the effect of 
applying ferrate prior to chlorination and the effect of ferrate in oxidizing TOC.  Their results 
showed THMPF decreased by 25% due to oxidation of organics. 
 Schuck et al. (2006) evaluated the difference in addition of sodium hypochlorite versus 
sodium ferrate at different concentrations and contact times in the DBP formation in the effluent 
of four wastewater treatment plants using biological treatment in Brazil. They found that the 
same wastewater treatment plant that produced the highest THM and HAA values also had the 
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lowest DOC and COD concentration.  This emphasizes the fact that the composition of the 
organic matter is just as important as the quantity in determining disinfection byproduct 
formation.  
2.2 Disinfection and Disinfection By-products 
2.2.1 Historical Background 
2.2.1.1 Disinfection Historical Background 
Chlorine was first discovered by the chemist Karl Scheele in 1774 (White, 1986). However, 
it was not known to be widely used until the early 1900s as a disinfectant (Gordon, 1987). The 
chlorination process provided a dramatic decrease in the number of waterborne disease cases 
reported in the western world and significantly improved drinking water quality; it is known that 
chlorination and filtration processes are the most important revolutions in public health discovery 
in the last century (Calderon, 2000). Chlorine is still considered as the most used disinfectant; 
according to EPA (1995) 64% of groundwater and surface water is being disinfected by chlorine. 
In 1917 ammonia in combination with chlorine known as chloramines, was used to overcome the 
odor and taste problem of chlorine in drinking water (McGuire, 2006), since that time 
chloramination was frequently used for secondary disinfectant before distributing water 
(Kirmeyer et al., 2004) until the World War II started when the supply of ammonia became 
scarce (White, 1999). Then other disinfectants came into use as more disadvantages of chlorine 
and chloramines became known; 1950s witnessed a spread in use of chlorine dioxide as a 
disinfectant (Hoehn, 1992). On the other hand, ozone was being used for disinfection of water in 
Europe in parallel with chlorination, In 1906 ozone was first used in disinfection in France 
(http://www.nutech-o3.com/ozone_primer.htm). Today, ultraviolent disinfection (UV) is being 
used for disinfection widely as one of the new technologies of choice. 
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2.2.1.2 Historical Background of Disinfection Byproducts 
The report of disinfection byproducts was by Rook (1972) when he discovered chloroform 
formation in chlorinated drinking water. Two years later, Rook (1974) himself found a 
relationship between NOM and the formation of chloroform. It was not until 1979 when the 
THMs were regulated through the Total Trihalomethanes Rule (TTR) promulgated by U.S.EPA 
(1979). Then in 1983, other DBPs like haloacetic acids, chloral hydrate, bromate in ozonated 
water containing bromide, aldeydes, etc. were reported (Uden and Miller, 1983; Haag and 
Hoigne, 1983; Hemming et al., 1986; Yamada et al., 1989), U.S.EPA published a list of the Best 
Available Technologies ( BAT) used to control THMs in 1983. BATs were followed by several 
rules and regulations until Stage 1 Disinfectants and Disinfection Byproducts Rule promulgated 
in 1998 based on the annual average maximum contaminant level (MCL) allowable at four 
different locations in the distribution system. Today, the DBP and THM regulations and control 
are well established by the U.S.EPA which followed Stage 1 by Stage 2 Disinfectant and 
Disinfection Byproducts Rule in January 2006 based on annual average MCL at each of the four 
selected locatios (U.S.EPA, 2006). More details about those regulations will be included in 
followed sections. 
2.2.2 Groups of Disinfection Byproducts 
Today, there are many groups of DBPs known based on the disinfectants uses, functional 
group, or other properties. Most of the DBPs are formed from the reaction between a disinfectant 
and the NOM in the water; however, some DBPs are formed from the reaction between 
disinfectants and inorganic substances. Some of those products are formed through oxidation 
processes like ozonation, still those products are referred to as DBPs due to associated health 
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risk. This section will provide a discussion of DBPs regulated by Stage 2 D-DBP Rule (EPA, 
2006); those groups are THMs, HAAs, chlorite, and bromate. 
2.2.2.1 Trihalomethanes 
Trichloromethane or chloroform was the first DBP identified in chlorinated water. There 
are four common THMs, Trichloromethane (Chloroform), Dichlorobromomethane, 
Dibromochloromethane, and Tribromomethane (Bromoform), Table 3 includes the four THMs, 
their names, chemical formula, and chemical acronyms. 
Table 3 Names, chemical formula, and acronyms of THMs 
Names Common Names Formula Acronyms 
Trichloromethane Chloroform CHCl3 TCM, CF 
Dichlorobromomethane - CHBrCl2 DCBM 
Dibromochlormethane - CHBr2Cl DBCM 
Tribromomethane Bromoform CHBr3 TBM, BF 
Trihalomethane - CHX3 THM 
 
 
Figure 2 Simple structur of the four known trihalomethanes 
 
The nature of the oxidant impacts the type of THM fromed, particularly where 
halogenation/substitution occurs.  In addition, the characteristics of the NOM the oxidant reacts 
with are important.  Some organics are simple compounds where reaction mechanisms are well 
understood, but a significant fraction of the NOM in natural waters is composed of molecules 
with large molecular weights and complex structures.  In these cases the DBP formation 
mechanisms are not always well understood.  Normally simple organic compounds like methane 
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or propanone are used to illustrate DBP formation.  For example, propanone is oxidized by 
chlorine to form trichloropropane, which is then oxidized to form chloroform. In the presence of 
bromine, brominated propanones are formed followed by brominated THM formation. Equations 
8 and 9 show the reactions of chlorine with propanone to form chloroform: 
 
                                           CH3COCH3 + HOCl → CH3COCl3  (8) 
 
                                        CH3COCl3 + H2O → CH3COOH + CHCl3  (9) 
 
2.2.2.2 Haloacetic Acids 
Haloacetic acids (HAAs) are another major group of DBPs. There are nine common 
HAAs divided into three main groups: with one halogen called monohaloacetic acids 
(CH2XCOOH); two halogens and called dihaloacitic acids (CHX2COOH); three halogens are 
called trihaloacitic acids (CX3COOH), with one chlorine and one bromine or two chlorine or two 
bromine on each of the three groups. It is important to distinguish between the three groups 
because their formation and chemical and biological properties are significantly different. 
Haloacetic acids are also formed by reaction of between NOM and chlorine and/or 
bromine in the water, reaction 10 illustrates a generic formula for the reaction between NOM and 
chlorine and bromine to form HAAs: 
 
                                     NOM + Chlorine + Bromide → HAAs (10) 
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The reaction between haloacetic acids can also be demonstrated by the reaction between 
propanone and chlorine in reactions 11 and 12: 
 
                                    CH3COCCl3 + HOCl → CHCl2COCCl3  (11) 
 
                                 CHCl2COCHCl3 + H2O → CHCl2COOH + CHCl3  (12) 
 
2.2.2.3 Inorganic Disinfection Byproducts 
As mentioned previously, two inorganic DBPs are regulated under the Stage 2 
Disinfectants and Disinfection Byproducts Rule (EPA, 2006). They are chlorite (ClO2-) and 
bromate (BrO3-). 
Chlorite is normally formed in water treated with chlorine dioxide as a result of chlorine 
dioxide degradation (Stevens et al., 1989). Chlorine dioxide is reduced to chlorite as follow in 
equation 13: 
                                                                     ClO2 + e- → CLO2- (13) 
 
Bromate is a common DBP found following ozonation for water source containing 
inorganic bromide (Haag and Hoigne, 1983). Normally formation of bromate happens through 
oxidizing the bromide ion in water; this reaction can follow three different pathways depending 
on environmental factors  such as pH and others (Saddiqui et al., 1996). However those pathways 
can be summarized as in equation 14: 
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                                                                 Br- + O3→ BrO3-  (14) 
 
In summary, chlorinated DBPs are mostly formed as THMs and haloacetic acids HAAs 
(Reckhow and Singer, 1985).  DBPs are also observed with chloramination and the species 
consist of THMs, HAAs, chloral hydrate, hydrazine, cyanogen compounds and others (Singer, 
1993; Kirmeyer et al., 1995). Chlorine dioxide acts as an oxidant but does not result in 
electrophilic substitution, and so it does not produce THMs or HAAs because no hydrogen atom 
replacement with halogens occurs (Noack and Doerr, 1978). The main DBPs of chlorine dioxide 
are chlorite and chlorate (Andrews and Ferguson, 1995).  Ozonation results in a large fraction of 
brominated DBPs due to the oxidation of bromite in conjunction with NOM in the source water, 
produces bromoform and others (Siddiqui et al., 1995). 
2.2.2.4 Other Disinfection Byproducts Known 
In addition to the regulated forms of DBPs (THMs, HAAs, Chlorite, Bromate), other DBPs 
have been detected in chlorinated, chloraminated, or ozonated waters. These DBPs include 
trihaloacetaldehydes, haloacetonitriles, haloacetones, trihalonitromethane, and cyanogens halides 
(Xie, 2004). 
Those DBPs are not regulated in the Stage 2 D-DBP Rule. However, most of those DBPs 
could lead to the formation of THMs and HAAs through different reactions, so better 
understanding for these DBPs will help understand the formation, analysis and control of 
regulated DBPs. 
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2.2.3 DBPs from Chlorination 
Humic and fulvic acids, which are considered as major components of NOM, represent 
50% to 90% of DOC in lake and river waters (Thurman, 1985). Those acids have main 
functional groups that include carboxyls, alcohols, carbonyls, acetyls, and methoxyls (Lee, 
2005). Chlorine when reacts with those substances resulting in the formation of organic DBPs 
such as THMs and HAAs haloketones, haloacetonitrile (HANs), chloropicrin, and chlorale 
hydrate (WHO, 2000).  
HAAs include mono-, di-, and tri-haloacetic acids, and hydrophilic acids such as citric 
and amino acids, which further react with chlorine to form chloroform and other DBPs (Larson 
and Rockwell, 1979) formed through a series of reactions of chlorine with humic acids (Johnson 
and Jensen, 1986). 
The general mechanisms of chlorinated byproducts formation through three pathways: 
Oxidation, substitution, and addition (APHA, 1995 and WHO, 2003). HAAs are normally 
formed as a result of chlorination under acidic conditions when the bromide concentration is low. 
Krasner et al. (1989) reported that in a thirty-five US water treatment plants were picked for a 
survey, THMs the largest class of DBPs; HAAs were the next. 
Non-halogenated organic DBPs can also be produced as a result of chlorination. Lykins 
and Clark (1988) found that aldehyde concentrations increased by 144 percent during ozonation, 
it also increased by 46 percent during chlorination, which indicates that aldehydes are not a result 
of only  ozonation, but can also be produced during chlorination. 
Chlorite and chlorate can also be a result of chlorination although the major disinfectant 
that produces those two byproducts is chlorine dioxide. Bolyard and Fair (1992) reported that a 
solution of hypochlorite used for disinfection contained chlorate, chlorite, and bromate. 
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2.2.4 Factors Affecting DBP Formation 
The formation of different DBPs (THMs, HAAs, Haloacetonitriles, Cyanogen, Chloride, 
Bromide, etc.) basically depends on the disinfectant used, quality and characteristics of the 
source water, and on the location of the disinfection process in the treatment plant (Liang and 
Singer, 1999). However, there are factors that affect the mechanism by enhancing or limiting the 
DBPs formation. This literature will be focused on those factors affecting THM formation rather 
than other DBPs as this study is focused on THMs. 
2.2.4.1 Effect of Natural organic Matter (NOM) 
NOM available in the water source tend to be a precursor to DBP formation including 
THMs; normally higher NOM concentration produces higher THM concentration (Sirivedhin 
and Gray, 2004; Tumbas et al, 1999; Sadiq and Rodriguez, 2003).  However, the kinds and 
proportions of the NOM, e.g. the fraction of humic and fulvic substances versus simple 
compounds, plays an important role in the quantity and kind of THMs produced (Liang and 
Singer, 2003).  This makes it hard to correlate THMs produced with NOM concentration if 
different water sources are being compared (Schuck et al., 2006). 
In water containing bromide, a low NOM concentration results in higher percentage of 
the brominated DBPs than water of higher NOM concentration. This is due to the fact that a 
higher NOM level needs more chlorine, and these lead to a lower ratio between bromide and 
chlorine (Xie, 2004). 
2.2.4.2 Effect of Chlorine Dose 
DBPs are either considered as an intermediate product or an end product of chlorination. 
Normally, increasing chlorine dose increases the formation of end product of chlorination in 
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treated water (Xie, 2004). THMs are considered as end products of chlorination process; 
therefore, increasing chlorine increases THM production since it enriches the intermediate 
products which react with excess chlorine to form THMs (Xie, 2004). 
2.2.4.3 Effect of Chlorination Time 
In general, most of the DBPs are formed by a series of reactions resulting in the 
appeararnce of intermediate DBPs; which form end product DBPs. Those reactions require time 
to take place, thus, more time means increasing the end product DBPs and less intermediate 
DBPs. This applies to THMs and HAAs as they are considered to be end products of 
chlorination. 
2.2.4.4 Effect of pH 
THMs tend to form in more basic aquatic solutions rather than acidic. Most DBPs 
undergo hydrolysis reactions for intermediate DBPs such as trihalopropane, trihaloacetonitriles, 
trihaloacetaldeydes and trihaloacetic acids. Increasing the pH enhances THM production due to 
the increase in hydrolysis reactions (Xie, 2004; Nikolaou, 2004). pH might play an important 
role when using disinfectants that have an effect on pH such as ferrate which results in a high pH 
value when prepared using the wet oxidation technique. 
2.2.4.5 Effect of Halogens 
DBPs production can also be affected by the kind of halogens existing in water (e.g. 
chlorine, bromine, iodine).  Bromine presence tends to result in brominated THMs rather than 
chlorinated THMS, as well as increasing the total THMs produced.  This is frequently observed 
with seawater where the bromine concentrations are high (Minear et al, 1996). 
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2.2.4.6 Effect of Temperature 
Higher temperature enhances production of more THM (Sadiq and Rodriquez, 2004) with 
some studies showing seasonal conditions affecting THM production with higher THMs in 
summer than in winter (Singer et al., 1995; Arora et al., 1997; Chen and Weisel, 1998). 
2.2.5 Regulations for DBPs 
Regulations and standards for drinking water all over the world have become more 
restricted over time which has created the impetus to find alternative disinfectants other than free 
chlorine such as chloramines, chlorine dioxide, ozone or use of ultra-violet light (UV). In 
addition enhanced coagulation or applying best available technologies (BATs) that reduce THM 
formation in treatment plants such as granular activated carbon (GAC) and membrane 
technology (EPA, 2006) have become important in drinking water treatment.  However, those 
alternatives still have potential drawbacks since some do not leave residual disinfectant for 
distribution systems, some produce their own DBPs, and some incur high chemical, operational 
and maintenance costs.  
EPA published the first regulations for THMs in drinking water in 1979 with maximum 
contaminant level (MCL) of 100µg/l based on the annual average of four quarterly samples 
(U.S.EPA, 1979).  This was followed by guidelines for controlling THMs published by the 
EPA.in 1981 (U.S.EPA, 1981). 
The Stage 1 Disinfectant and Disinfection By-products Rule (Stage 1 D-DBPR) was 
promulgated in December 1999 by U.S.EPA (U.S.EPA, 1998). It determined the maximum level 
for different DBPs with Total THMs not to exceed 80 µg/l and HAAs not to exceed 60 µg/l 
based on a running annual average (RAA). On the 4th of January, 2006, EPA promulgated the 
Stage 2 Disinfectant and Disinfection By-products Rule (Stage 2 D-DBPR) which maintained 
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standards of 80 µg/l of total THMs and 60 µg/l for HAAs but based on a locational running 
annual average (LRAA) (U.S.EPA, 2006). These D-DBP Rules cover many issues such as 
monitoring and reporting DBP and included the BATs available to control the formed DBPs. 
Figure 3 illustrates the difference in calculating compliance with the MCLs with the 
TTHMs between the Stage 1 D-DBPs RAA and the Stage 2 D-DBPs LRAA. 
 
Figure 3 Comparison of LRAA and RAA compliance calculations (U.S.EPA, 2006). 
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2.2.6 Analytical Methods for DBP Analysis 
Analytical methods for THMs will be described only for those used in THMs analysis as 
it is the major DBP for this study is run for. Three methods are currently approved by EPA for 
THMs analysis (U.S.EPA, 2006). Those methods are 502.2, 524.2, and 551.1. EPA methods 
502.2 and 524.2 use purge-and-trap for sample concentration and gas chromatograph (GC) for 
analysis (U.S.EPA, 1995). Photoionization and electrolytic conductivity detectors in series are 
used for method 502.2, while method 524.2 uses a mass spectrometer (MS). Method 551.1 is 
based on micro liquid-liquid extraction using methyl tert-butyl ether (MTBE), GC separation and 
electron capture detection (ECD). If chloral hydrate is not analyzed the use of pentane or hexane 
is used for extraction solvent. 
Standard Methods discusses methods 6232B, 6232C, and 6232D (APHA, 1995) for THM 
analysis. Method 6232B is considered similar to EPA Method 551.1 which uses pentane as a 
solvent for liquid-liquid extraction followed by GC analysis. On the other hand, Method 6232C 
is similar to EPA 524.2 Method with purge and trap followed by GC/MS. Also method 6232D is 
considered as similar to EPA Method 502.2. 
 23
CHAPTER 3 
RESULTS AND DISCUSSION 
3.1 Introduction 
Chlorine is the most widely used disinfectant for water and wastewater applications due to 
its efficiency and low cost (Rodriguez et al., 2004; Jiang et al., 2006; Schuck et al., 2006). 
However, since the discovery of THMs and other disinfection byproducts (DBPs) there has been 
considerable effort to both reduce DBPs formed by chlorination and to identify alternative 
disinfectants producing fewer DBPs.  Past research has looked at finding an efficient removal 
method for THMs (Minear and Amy, 1996; Xie, 2004; EPA, 2006) or pretreatment of water to 
remove DBP precursors primarily in the form of natural organic matter (NOM).  NOM is present 
to varying degrees in different source waters and reactions between halogens and NOM are the 
main source of THMs in water (Rook, 1974; Tumbas et al., 1999; Wattanachira et al., 2004).  
Researchers of alternative disinfectants have looked at chloramination, UV, ozonation, chlorine 
dioxide and others.  Some of these technologies have been used to replace chlorination; for 
example, ozonation is widespread in Europe, chloramination is now used in a significant number 
of U.S. utilities, and UV disinfection is being used increasingly world wide due to its advantages 
in disinfecting protozoal pathogens like Cryptosporidium. However these disinfectants also have 
many drawbacks and disadvantages such as high cost, lack of residual formation, lower 
oxidizing power, and other DBPs which may become regulated in the future (Fielding and 
Farrimond, 1998). 
The formation of DBPs (THMs, HAAs, Haloacetonitriles, Cyanogen, Chloride, Bromide, 
etc.) basically depends on the disinfectant used, quality and characteristics of the source water, 
and on the location of the disinfection process in the treatment plant (Singer et al., 1999). 
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However, THM production can also be affected by different factors such as NOM quantity and 
kind, pH of the water, temperature, contact time, type of disinfectant and halogens present in the 
source water (e.g. chlorine, bromine, iodine) (Liang and Singer, 2003). High pH and temperature 
tend to enhance THM formation. Higher contact time also allows more time for THMs to form 
and accumulate in the treated water. 
The presence of bromine tends to result in brominated THMs, as well as increasing the 
total THMs produced.  This phenomena is frequently observed with seawater where the bromine 
concentrations are high (Minear et al, 1996). 
Ferrate is an oxidant that has attracted interest due to its multiple functional capabilities 
(e.g. simultaneous oxidation and coagulation), and its strong oxidizing power. Ferrate is a good 
candidate as an alternative disinfectant and has been examined by numerous investigators for 
that purpose (Murmann and Robinson, 1974; Schink and Waite, 1980; Kazama, 1994; Karaatli, 
1998; Jessen et al., 2006; Sharma, 2007).  Studies have shown that ferrate was able to deliver 
more than six log10 reduction for inactivation of Escherichia coli (E.Coli) at lower dosages (6 
mg/l as Fe) than chlorine (required 10mg/l) over a wide range of pH values in wastewater (Jiang 
et al., 2005b).  It was found to be superior to sodium hypochlorite in the inactivation of E.Coli at 
both a lower dose and contact time (Jiang et al., 2006). Ferrate also showed a high ability to 
oxidize a wide range of chemicals (Audette et al., 1971; Delaude et al., 1996; Kazama, 1995; 
Lee, 2005). Ferrate will also act as a coagulant after it is reduced to ferric during the oxidation of 
organic matter and microorganisms in water.  Ferric is a widely used coagulant that has proven 
to reduce turbidity of water and decrease the concentration of NOM, producing metal hydroxide 
flocs that are denser than those of alum (Jiang et al., 2002; Lee et al., 2004).  In addition ferric, 
iron can be used to precipitate phosphorus if that is a treatment objective. Further, potassium 
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ferrate is considered as an environmentally friendly oxidant with non-toxic byproducts providing 
advantages over other chemicals which may negatively impact the environment or animal life 
(e.g. aluminum toxicity to fish; Sharma, 2002). 
Jiang et al. (2005) studied the THM formation potential (THMFP) of ferrate and showed 
at low dosage (5mg/l) ferrate had a THMFP less than 100µg/l. Ferrate was able to oxidize NOM, 
humic acids, and fulvic acids, and reduce UV254 absorbing chemicals, which are all DBP 
precursors (Jiang et al., 2001; Qu et al., 2003; Lee, 2005). Waite and Gary (1984) showed that 
THMFP decreased by 25% during ferrate treatment due to oxidation of organics.  Thus ferrate 
has many attributes that would be desirable as an alternative disinfectant.  
3.2 Methods and Procedures 
Samples were collected from three different water sources; Lake Claire on the University 
of Central Florida (UCF) campus in Orlando, Florida; seawater from Titusville beach east of 
Orlando, Florida; and secondary effluent wastewater from the Eastern Water Reclamation 
Facility of Orange County Utilities in  Orlando, Florida.  Samples were taken directly to the 
laboratory for analysis. Samples for the THM test were collected in glass bottles to prevent any 
contact with plastic.  
Ferrate was prepared using the wet oxidation method. Ferric chloride (40% by weight) 
was reacted with commercially available calcium hypochlorite (68% by weight) at a high pH due 
to the addition of sodium hydroxide (50% by weight).  The sodium ferrate produced had a strong 




                    2FeCl3 + 3NaOCl + 10NaOH → 2Na2FeO4 + 9NaCl + 5H2O (15) 
Ferrate was then measured using a spectrophotometer at 510-µm wavelength after being 
diluted by adding a known weight of ferrate to 50 ml of borate/sodium buffer (pH 9), for ferrate 
stability while the reading is taken.  The solution was then being mixed and filtered using 
syringes with luer lock 0.25-µm filters. The buffer solution was prepared using sodium 
tetraborate decahydrate and sodium hydrogen phosphate (anhydrous) diluted in 1 liter of distilled 
water. The dosage of ferrate solution used for concentrations reported in the experiments was 
determined based on the filtered readings. 
 A 14% sodium hypochlorite solution (Fisher Brand, Hanover, IL) was used as a source 
of hypochlorite for samples chlorinated at different dosages. The solution, like the other reagents, 
was stored at 4º C when not in use.  The hypochlorite solution was checked weekly for strength 
using the DPD Ferrous Titrimetric Method (Standard Methods SM 4500-Cl F; APHA, 1995). 
Ferrate and hypochlorite at various dosages (1, 2, 5, and 10 mg/l) were added directly to 
filtered samples (using 0.45-µm membrane filters,  Millipore Brand (Billerica, MA, USA)) in 
125-ml amber glass bottles prepared according to Standard Methods 6232 for THM 
quantification (APHA, 1995).   The bottle was then capped using PTFE septa and checked for air 
bubbles, insuring no headspace existed.  Next bottles were incubated in a dark place at room 
temperature for seven days.  Then the sample was opened and 1 ml of 0.4-N sodium thiosulfate 
was added to quench any remaining chlorine or ferrate in the sample.  After that, 10 ml of the 
quenched sample were poured into a 15-ml glass vial, and 2 ml of hexane were added to the top.  
The vial was shaken by hand for two minutes so that THMs dissolved in the hexane. The water 
and hexane phase were allowed to separate for 2 to 3 minutes.  The hexane layer formed on the 
top of the water sample allows 1 to 2 ml of the hexane layer to be extracted using a 2-ml glass 
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Pasteur pipette.  This aliquot of sample was saved in a 2-ml sealed vial. Using a 10-µl glass 
syringe, 2 µl of the extracted hexane were subsequently injected into a gas chromatograph for 
analysis following EPA Method 551.1. Stock standards (2000 mg/l) diluted in 1 ml of methanol 
were used to prepare the standard curve for THMs.  DOC was also measured on the filtered 
sample.  DOC samples were filtered using 0.45µm membrane filters and saved in a 40-ml glass 
vial.  They were then tested for DOC using persulfate-UV method (Phoenix 8000; Sunnyvale, 
CA, USA). 
Ferrate and hypochlorite were also added to a 3000-ml volume of the same samples with 
continuous stirring in glass beakers.  These experiments quantified the more rapid phenomena of 
disinfection and oxidation of organics, at sample times at 0, 15 and 30 minutes.  Sampling times 
were chosen to ensure adequate time for ferrate and hypochlorite to kill the microorganisms and 
do not necessarily reflect optimum treatment requirements.  The reaction kinetics over the time 
were not studied.  Oxidant dosages of 2, 5, and 10 mg/l (or 1, 2, and 5 mg/l for wastewater 
samples) were used.  The parameters measured were pH, DOC, HPC, and TC/E.coli.  Samples 
were collected in 100-ml plastic vials with sodium thiosulfate pellets to quench any remaining 
oxidant. The pH was measured using a pH meter with an auto-titrator. 
Heterotrophic bacteria were quantified using heterotrophic plate counts (HPC) on R2A 
agar by spreading 100 µl of the sample over the plate.  Open, closed, and dilution buffer controls 
were used; spreading on plates was conducted in a laminar flow hood.  Dilutions were carried 
out using an autoclaved phosphorus buffer.  Typically after dilutions were made 1 ml of the 
sample was spread to obtain between 30 and 300 colonies per plate.  Plates were prepared in 
duplicate for each sample.  Plates were incubated for 2-3 days at 27°C and then counted with the 
final HPC results expressed in units of cfu/ml. 
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TC/E.Coli was tested using the IDEXX Quanti Tray 2000/most probable number (MPN) 
method (IDEXX, Westbrook, ME). The reagent (Colilert 24) was a presence/absence indicator, 
Colilert 24 also supplied by IDEXX. The Colilert vial was broken and the reagent added to 100 
ml of sample, or in some cases to 100 ml of a dilution of the sample.  The sample was shaken 
briefly by hand and then allowed to sit for 10 minutes until the reagent dissolved.  Next the 100 
ml sample was poured into the Quanti Tray, and the tray was heat sealed.  The trays were 
incubated at 35°C for 24-28 hours before reading. TC positive wells were determined by a 
change in color to yellow, which was then followed by evaluation of the wells under UV light, 
with an E.coli positive well identified by blue fluorescence. E.coli, K. pneumoniae, and 
Pseudomonas aeruginosa bacteria were pre-cultivated using nutrient broth to serve as positive 
and negative controls for both the TC and E. coli tests.  E.coli was run as a positive control for 
both TC and E.coli; K. pneumoniae was a positive control for TC but negative for E. coli, while 
Pseudomonas aeruginosa was a negative control for both tests.  The units of the tests were 
expressed as MPN/100 ml and were calculated from MPN tables provided by the manufacturer 
followed by correction for any dilution of the samples.  
HPC plates were prepared using R2A ager (Remel brand, Lenexa, KS) after 14.65 gm of 
the ager was dissolved in 800 ml distilled water which was heated and stirred until the R2A 
completely dissolved.  The agar was then autoclaved at 121ºC and high pressure for 35 minutes.  
The agar was removed and allowed to cool inside a laminar flow hood and then about 15 ml of 
the still liquid agar was poured into sterile Petri dishes.  The plates were allowed to cool further 
while open inside the laminar flow hood until the agar solidified after about 1 hour.  The plate 
were covered, inverted, and left overnight in the hood.  The plates were then used immediately or 
stored at 4ºC in sealed bags until used; however storage for the plates did not exceed 14 days. 
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Samples (100 µl) were transferred to the plate using an Eppendorf pipetter (Westbury, NY, 
USA) with a disposable tip, and then spread over the plate.  After spreading the sample the plate 
was allowed to absorb the sample in the laminar flow hood for around 15 minutes.  The lid was 
then replaced and the plate inverted and incubated at 28ºC for three days before taking the final 
reading.  Plates were prepared in duplicate for each sample dilution. The dilution with the 
greatest plate count between 30 and 300 was used to determine the final HPC number reported in 
units of cfu/ml. 
All biological work was conducted in a sterile laminar flow hood equipped with a HEPA 
filter.  In addition, the hood was wiped down with disinfectant routinely.  The dilution buffer 
contained 2.00 mM of magnesium chloride (MgCl2.6H2O) and 0.312 mM potassium phosphate 
(KH2PO4). 
All experiments were done maintaining quality assurance (QA) by duplicating all 
samples and usng spikes made from stock standard solutions.  The spikes were added to two or 
three selected samples and the percent recovery was calculated to determine if the analysis had 
acceptable accuracy. 
3.3 Results and Discussion 
3.3.1 THM Production 
  Table 4 shows the concentration of THMs produced from chlorine versus those from 
ferrate.  Ferrate resulted in lower THMs for all water samples although the difference varied 
significantly among water sources.   The mean value for percent reduction in THMs for ferrate 
relative to free chlorine was 48 ± 11 % at a 95% confidence level. The results show as well that 
THM formation in proportional to the dose of both ferrateWastewater samples showed a higher 
decrease in THMs produced from ferrate with respect to hypochlorite, followed by Lake Claire 
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water, and finally the seawater samples had the lowest decrease on THMs produced and 
hypochlorite.  
Table 4 Percent reduction in THMs formed for ferrate with respect to hypochlorite. 
THMs For 2 mg/L THMs For 5 mg/L THMs For 10 mg/L 
Experiment 
Ferrate  Cl  % Reduction Ferrate Cl  
% 
Reduction Ferrate  Cl  
% 
Reduction 
Claire 1 9.5 40.5 76.6 86.8 202.2 57.1 144.9 210.6 31.2 
Claire 2 31.3 157.6 80.1 90.4 107.8 16.1 138.1 156.4 11.6 
Seawater 1 45.3 87.1 48.0 225.0 298.2 24.6 553.3 1367.3 59.5 
Seawater 2 86.0 146.9 41.5 249.2 414.4 39.9 633.9 1186.3 46.6 
W.W1 90.0 215.3 58.2 121.4 307.9 60.6 298.7 455.0 34.3 
W.W2 0.0 10.8 100.0 1.1 28.2 96.0 93.5 130.6 28.4 
W.W 3 9.1 15.2 39.7 26.7 33.2 19.7 52.4 94.6 44.6 
 
 
The distribution and quantity of chemical species composing the THMs varied 
significantly with the source water (Figure 4).  Seawater resulted in a very high proportion of 
brominated THMs (more than 56% for first experiment and 96% for second experiment). These 
results were predictable due to the high bromide concentration typical of seawater (Kutty and Al-
jarrah, 1991). Xie (2004) found that bromide is more reactive with NOM than chlorine is which 
means a reduced fraction of only chlorinated THM species is formed when bromine is present.  
In addition, since the atomic weight of bromine (atomic weight of 80) is more than double that of 
chlorine (35.5 g/mole), the mass concentration of  bromoform will be more than twice that of a 
comparable molar amount of chloroform.  Moreover, under similar chlorination conditions, 
increasing bromine concentration will increase the total THMs formed.  The only other source 
water showing high brominated THMs was wastewater – Experiment#1.  However these results 
were atypical and may represent experimental error, contamination, or possible variation in 
dissolved ions in the wastewater. It is notable that if bromoform is disregarded and only 
chlorinated THMs are shown, Wastewater#1 results are very similar to the other two wastewater 
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experiments (contrast Figure 4 with Figure 5). There was no apparent relationship between 
source water DOC and the amount or speciation of THMs formed (Figure 6). Literature reports 
that for a typical water higher DOC yields more THMs (Rook, 1974; Nikolaou, 2004; Singer 
1994).  However, the limited analysis of each water source did not permit confirmation of that 
fact.  THMs produced from seawater were the highest while wastewater THMs were the lowest; 
however, DOC initial concentration for raw waters was the highest for Lake Claire water and the 
lowest for seawater.   Schuck et al., 2006 made similar observations.  DOC is an aggregate 
parameter which does not differentiate among organic compounds in the source waters. The 
THM data, taken in the context of the halogen and DOC content of the source waters, suggest 
that the quantity and type of halogens (chlorine, bromine, iodine) in the source water played an 







































































































































Figure 4 THMs produced (Chloroform, Dichlorbrommethane (DClBrM), 
Dibromochloromethane (DBrClM), Bromoform) for different water samples, A) Lake Claire#1, 




Figure 5 Chlorinated THMs produced for wastewater experiments 
 
 
Figure 6 THMs production from different dosages and water sources and the raw water DOC 
concentration as a function of oxidant dosage, A) Chlorine dosages, B) Ferrate dosages. 
 
According to the literature pH is one of the most important factors that affect THM 
formation.  Higher pH favors THM production (Nikolaou, 2004; Sadiq, 2003; Tumbas, 1999), 
and pH affects THM formation mechanisms and thus speciation.  Increasing pH increases 
hydrolysis reactions that many DBPs undergo to form THMs such as trihalopropanones, 













































Accordingly, it is possible that more THM formation might be produced with ferrate addition 
since pH will be elevated by addition of ferrate relative to the sample receiving the same dosage 
of chlorine.  Table 5 shows the pH variation resulting from different dosages of ferrate and 
chlorine for the different water sources.  Even though the pH was higher for the ferrate than for 
the chlorine, ferrate produced less THM than chlorine. If ferrate is applied to drinking water at 
high dosages, adjustment may be needed to drop the pH to the acceptable range, according to 
drinking water standards. 
The results can only be generalized for the pH range covered in this study; however any 
reduction in pH and consequent THM formation might also be offset by Haloacetic Acids (HAA) 
formation.  HAAs, which were not analyzed, tend to form in acidic environments rather than 
basic (Liang and Singer, 2003).  Thus HAA production might vary in the opposite direction from 
THMs, for example HAAs might be reduced by the increase in pH caused by ferrate.  Future 
studies should investigate a broader pH range of source waters, but since most source waters will 
have neutral or slightly alkaline pHs this may be of limited practical significance.  Future 
research including other regulated DBPs such as HAAs would, however, be highly relevant to 
ferrate application. 
Table 5  pH variation for different dosages of ferrate and chlorine of all water sources 



















Lake Claire1  8.28 - 10.84 11.39 11.68 - 8.34 8.24 8.31 
Lake Claire2  7.86 - 10.15 10.81 11.39 - 7.78 7.83 7.85 
Seawater1 8.73 - 9.69 10.11 10.22 - 8.71 8.65 8.43 
Seawater2 8.55 - 9.72 10.13 10.35 - 8.47 8.23 8.35 
Wastewater1 7.87 - 9.67 10.4 11.1 - 8.81 8.57 8.64 
Wastewater2 7.34 9.13 9.29 9.96 - 7.71 7.82 7.91 - 




 Figure 7 compares the THMs produced by ferrate and free chlorine respectively at the 
lowest dose which achieved at least a three-log HPC kill. On average, ferrate achieved a three-
log kill or greater with 60 +/- 20 % less THM concentrations at a 95% confidence level. 
 
Figure 7 THMs formation in ferrate and chlorine corresponding to 99.9% HPC kill. 
 
Ferrate was able to deliver a minimum of three log reduction for most of the water 
sources and it was able to deliver the same effectiveness as hypochlorite for heterotrophic 
bacteria inactivation.  
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Table 6 shows the results for ferrate and hypochlorite for all water sources with the 
percent kill dosages delivered. In most of the experiments this was a dosage of 2 mg/L for both 
oxidants.  In three of the seven experiments, however, there was at least one oxidant requiring a 
higher dosage to meet or exceed a three log kill.  For Lake Claire experiment Number 2, ferrate 
required 5 mg/l to achieve a kill in excess of three logs, and in wastewater experiment Number 1, 
free chlorine required 5 mg/L. In wastewater experiment number 3 both free chlorine and ferrate 
required 5 mg/l to achieve a three log or greater kill. 
Ferrate and hypochlorite were effective in killing all the TC and E.coli in most of the 
water samples except the wastewater samples.  For wastewater, they were able to deliver at least 
three log reduction in concentration even for the lowest dosages. Table 7 shows all water sources 
results except wastewater Numbers 2 and 3 in which 1, 2, and 3 mg/l dosages of ferrate and 
chlorine were used; it is obvious that ferrate and chlorine was able to kill all the bacteria in the 
water samples. The log reduction can’t be determined because of the complete inactivation of the 
bacteria; however, at least four log reduction achieved for those water sources. 
Table 8 shows the results for wastewater Numbers 1 and 2, where it can be seen that 
ferrate and chlorine were able to achieve three log reduction at the highest dosages (5 mg/l) for 
experiment Number 3 except for a chlorine dosage of 2 mg/l which was able to deliver three log 
reduction only for E.coli. On the other hand, experiment Number 2 showed at least a three log 
reduction for all samples but the 1 mg/l ferrate dosage.  Ferrate was able to inactivate different 
microorganisms as effectively as chlorine. 
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Table 6 HPC results with percent kill for all samples 
Lake Claire1 Lake Claire2 Seawater1 Seawater2 Wastewater1 Wastewater2 Wastewater3 
































15 1 10 99.58 4050 8.99 0 100.00 0 100.00 2600 99.86 2000 99.89  100.00 
 2 0 100.00 830 81.35 0 100.00 0 100.00 4400 99.76 2400 99.87  100.00 
30 1 10 99.58 920 79.33 0 100.00 10 99.42 1200 99.94 2600 99.86 850 99.95 
Fe 2 Fe 1 
 2 20 99.16 970 78.20 0 100.00 0 100.00 1800 99.90 1800 99.90 1100 99.93 
15 1 0 100.00 0 100.00 0 100.00 0 100.00 670 99.96 1440 99.92  100.00 
 2 0 100.00 10 99.78 0 100.00 0 100.00 590 99.97 2080 99.88  100.00 
30 1 0 100.00 10 99.78 0 100.00 0 100.00 250 99.99 1680 99.91 620 99.96 
Fe 5 Fe 2 
 2 60 97.48 10 99.78 0 100.00 0 100.00 190 99.99 1600 99.91 700 99.96 
15 1 60 97.48 10 99.78 0 100.00 1 99.94 120 99.99 430 99.98  100.00 
 2 0 100.00 10 99.78 0 100.00 0 100.00 90 100.00 820 99.95  100.00 
30 1 0 100.00 10 99.78 0 100.00 1 99.94 110 99.99 210 99.99 61 100.00 
Fe 10 Fe 5 
 2 0 100.00 0 100.00 0 100.00 0 100.00 70 100.00 190 99.99 43 100.00 
15 1 0 100.00 10 99.78 0 100.00 0 100.00 4800 99.74 4800 99.73  100.00 
 2 0 100.00 0 100.00 0 100.00 0 100.00 6200 99.67 6200 99.66  100.00 
30 1 10 99.58 0 100.00 0 100.00 20 98.84 5400 99.71 5400 99.70 1800 99.89 
Cl 2 Cl 1 
 2 0 100.00 0 100.00 0 100.00 1 99.94 3800 99.80 3800 99.79 1600 99.90 
15 1 0 100.00 10 99.78 0 100.00 3 99.83 1210 99.93 1800 99.90  100.00 
 2 0 100.00 10 99.78 0 100.00 5 99.71 930 99.95 1200 99.93  100.00 
30 1 0 100.00 0 100.00 0 100.00 0 100.00 380 99.98 1400 99.92 220 99.99 
Cl 5 Cl 2 
 2 0 100.00 0 100.00 0 100.00 0 100.00 510 99.97 1200 99.93 180 99.99 
15 1 0 100.00 0 100.00 0 100.00 0 100.00 260 99.99 960 99.95 96 99.99 
 2 0 100.00 0 100.00 0 100.00 0 100.00 240 99.99 690 99.96 121 99.99 
30 1 0 100.00 0 100.00 0 100.00 0 100.00 240 99.99 410 99.98 48 100.00 
Cl 10 Cl 5 
 2 0 100.00 0 100.00 0 100.00 0 100.00 210 99.99 430 99.98 57 100.00 
N/A 1 2130 10.50 4310 3.15 430 8.51 1660 4.05 1020000 45.16 1400000 22.22 1480000 5.73 Raw 
Water   2 2380 0.00 4450 0.00 470 0.00 1730 0.00 1860000 0.00 1800000 0.00 1570000 0.00 
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Table 7 Total Colifrom E.coli results for all water sources except wastewater#2 and 3. 
Lake Claire1 Lake Claire 2 Seawater 1 Seawater 2 Wastewater 1 






























1 <1 <1 <1 <1 5.20 <1 <1 <1 <1 <1 
2 
15 
<1 <1 <1 <1 <1 <1 2.00 <1 <1 <1 




<1 <1 <1 <1 <1 <1 4.10 <1 3.00 <1 
1 <1 <1 <1 <1 <1 <1 21.10 <1 18.10 <1 
2 
15 
<1 <1 <1 <1 <1 <1 7.30 <1 <1 <1 




<1 <1 <1 <1 <1 <1 <1 <1 9.70 <1 
1 <1 <1 <1 <1 <1 <1 <1 <1 3.00 <1 
2 
15 
<1 <1 <1 <1 <1 <1 <1 <1 9.70 <1 




<1 <1 <1 <1 <1 <1 <1 <1 9.70 <1 
1 <1 <1 <1 <1 <1 <1 <1 <1 127.4 <1 
2 
15 
<1 <1 <1 <1 <1 <1 <1 <1 5.20 <1 




<1 <1 <1 <1 <1 <1 7.40 <1 2.00 <1 
1 <1 <1 <1 <1 <1 <1 <1 <1 10.00 <1 
2 
15 
<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 




<1 <1 <1 <1 <1 <1 <1 <1 6.10 <1 
1 <1 <1 <1 <1 <1 <1 <1 <1 5.00 <1 
2 
15 
<1 <1 <1 <1 <1 <1 <1 <1 5.00 <1 




<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
1 >2420 4.10 1730.00 10.90 478.00 2.68 >2420 1203.31 2419200 139.00 Raw 
water 2 
N/A 
>2420 4.10 1730.00 19.50 162.00 2.21 >2420 1203.31 2420200 104.00 
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Table 8 Wastewater Numbers 2 and 3 - total coliform and E.coli results 
Wastewater 2 Wastewater 3 











MPN/100ml MPN/100ml MPN/100ml MPN/100ml 
1 >2419.2 61.60 1299650.00 129600.00 
2 
15 
2419.00 40.40 1203310.00 74900.00 




2419.00 64.50 1413600.00 60100.00 
1 2419.00 5.20 272300.00 21300.00 
2 
15 
344.80 8.40 344800.00 14600.00 




1553.07 18.10 387300.00 10900.00 
1 10.90 <1 35.40 <1 
2 
15 
8.60 <1 30.70 <1 




6.30 <1 17.30 <1 
1 2419.20 2419.20 1203310.00 30500.00 
2 
15 
2419.17 2419.20 1046240.00 22600.00 




58.90 57.60 866400.00 9500.00 
1 177.00 29.20 74900.00 <1 
2 
15 
101.50 19.90 77100.00 <1 




1046.24 24.70 12200.00 <1 
1 18.90 <1 29.50 <1 
2 
15 
12.10 <1 32.20 <1 




10.00 1.00 1.00 <1 
1 >24000000 >24000000 1870000.00 740000.00 Untreat 
2 
N/A 




3.3.3Impact on DOC 
Table 9 shows the DOC of the water samples before and the after addition of the different 
oxidant dosages.  Ferrate oxidation of DOC ranged from 6.1 to 12% versus 0 to 1.8% for 
chlorine.  This additional oxidation of DOC/NOM should result in a reduced chlorine demand 
relative to the chlorine-treated water.   
 41
Table 9 Raw water DOC with all ferrate and chlorine dosages for different water sources. 
DOC ppm 
Water Source Raw 
Water Cl 2 Fe 2 Cl 5 Fe 5 Cl 10 Fe 10 
Lake Claire1 14.7 14.7 14.7 14.7 12.8 15.8 12.4 
Lake Claire2 12.7 12.8 12.7 12.8 11.2 12.8 10.6 
SeaWater1 7.0 7.1 6.6 7.1 6.2 7.1 6.0 
seaWater2 4.8 4.8 4.8 4.7 4.5 4.8 4.2 
Wastewater1. 10.9 12.8 10.7 12.7 12.4 12.4 11.1 
Wastewater2 13.9 10.8 10.5 13.4 9.8 NA NA 
Wastewater3 8.6 8.3 8.2 8.8 8.2 NA NA 
%DOC Removal  1.8 6.1 0 10.3 0 11.6 
 
3.4 Conclusions 
Ferrate resulted in significantly lower THM formation (48% on average) than free chlorine 
for a broad range of source waters.  Similar dosages resulted in similar log kills for both 
oxidants.  In addition there was a small amount of additional DOC oxidation with ferrate.  A 
three log kill or greater was achieved with both oxidants at a concentration of 2 mg/l for the 
majority of experiments, but ferrate produced significantly lower THM concentrations which 
means that it is a viable alternative to free chlorine for complying with both disinfection and 
DBP regulations.  Seawater samples showed higher brominated and total THMs, most likely due 
to a higher background concentration of bromide in seawater. In wastewater applications an 
additional benefit of ferrate addition would be that ferric iron, the end product of ferrate 
oxidation, could act as a coagulant and remove constituents such as dissolved phosphorus if 
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precipitant is removed during filtration.  However this aspect of ferrate performance was not 
evaluated in this study. 
The main differences between the two oxidants were that ferrate addition reduced THM 
concentration, provided slightly greater DOC removal, and increased the pH for a given dose of 
disinfectant.  The THM production that was observed using ferrate was a result of the presence 
of free chlorine remaining after synthesis of ferrate in the wet oxidation method.  If the excess 
chlorine introduced during synthesis of the ferrate can be reduced this would be expected to 
further reduce the THM formation but it is unknown how this would affect the DOC removal and 
disinfection obtained relative to the current ferrate mixture. 
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CHAPTER 4 
CONCLUSIONS AND RECOMMENDATIONS 
Ferrate was compared with hypochlorite in disinfection and THM formation during treatment 
of three different surface water sources; Lake Claire on the University of Central Florida (UCF) 
campus in Orlando, Florida; seawater from Titusville beach east of Orlando, Florida; and 
secondary effluent wastewater from the Eastern Water Reclamation Facility of Orange County 
Utilities in Orlando, Florida. Dosages of 1, 2, 5, and 10 mg/l of both ferrate and hypochlorite 
were applied for samples and tested for HPC and TC/E.Coli as bacterial indicators.. The same 
dosages were applied to 125-ml amber glass bottles to test for THM over seven days of 
incubation at room temperature. 
The study also evaluated the effectiveness of ferrate as a disinfectant with respect to 
hypochlorite. The ferrate showed a good potential an alternative disinfectant and oxidant 
produced lower THM concentrations as compared to chlorine.  Ferrate was able to significantly 
lower THM formation (48% on average) when compared to free chlorine for a broad range of 
source waters. Ferrate was able to deliver equal to or greater disinfection compared to 
hypochlorite for HPC and TC/E. Coli for similar dosages. It required the same dosages of 
hypochlorite to achieve the same disinfection strength. 
Seawater results showed higher THMs with the majority as brominated THMs. These results 
were predictable due to the high bromine concentration in seawater relatively to other water 
sources which increases the probability of producing brominated forms of THMs rather than 
chlorinated. 
 44
As a result of ferrate treatment, ferric ion is produced after ferrate decay, which acts as a 
coagulant frequently used in water and wastewater treatment that may remove contaminants 
from water such as turbidity, DOC, BOD, COD, NOM and other chemicals. 
Although this study was able to answer some important questions, there are some others 
needing further evaluation , the study was able to gave a start for future ferrate research. 
It is important to study the forms and kinds of NOM in source water and the effect on the 
THMs produced as DBPs precursors as a result of ferrate treatment. Studying the halogens exist 
in the source waters and its effect on THMs formation will help to confirm that bromine 
concentration in seawater was responsible for greater THMs production, most of which was in 
brominated forms.  The kinetics of THMs formation  is important to be studied as well, which 
will help to know the impact of residual chlorine and chlorine demand for each source water. 
Checking the formation of THM from ferrate with respect to chlorine under standard 
conditions; especially pH will help to define the effect of pH in THMs formation and give a 
clearer idea about the THMs formed from ferrate. 
For TC and E.coli results, both ferrate and hypochlorite was able to deliver the three log kill 
with the lowest dosage (2 mg/l), however the study did not demonstrate the lowest doses of 
ferrate and hypochlorite to deliver three log reduction. Further study should evaluate the THMs 
formed under the lowest dosage required to deliver three log reduction. 
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APPENDIX A 
EXPERIMENTAL OUTLINE AND OPTIMIZATION 
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A.1 Ferrate Experiment Outline 
A.1.1 Preparation of Solutions, Reagents, Materials, and Plates 
 
 A.   Preparation of R2A agar plates: 
 Dissolve 14.56 g of R2A agar in 800 mls of distilled water in a 1 l flask.  Heat with 
stirring to dissolve the agar.  Cover loosely and autoclave for 15 minutes at 121° C.  
Allow to cool until it is just cool enough to handle comfortably (45-50° C).  Pour 
about 15 mls of agar into sterile Petri dishes, covering bottom uniformly.  Close and 
allow to solidify for about one hour.  Invert and dry overnight, then store in sealed 
bags at 4° C. 
 B.   Dilution Buffer 
 1.25 ml stock phosphate solution + 5 ml MgCl-hydrate solution in 1 l H2O;  autoclave 
 C. Stock Phosphate Solution 
  9.89 g potassium phosphate (KH2PO4) per l 
 D. MgCl-Hydrate solution 
  8.11 g MgCl2-6H2O per 100 ml 
 E. Sodium Thiosulfate 0.081 M 
  10 g NaThiosulfate in 500 mls water;  autoclave 
 F. Instant Ocean (IO):  1/2 cup/gallon, autoclave 
 G. Sterile water (autoclaved). 
 H. Nutrient broth (NB) 
  8 g in 1 l.  Autoclave. 
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 I. E. Coli, or other organism, pellet started in NB per vendor instructions.  Transfer to 
IO/NB after appropriate incubation time.  Incubate 3-5 days, with gentle rocking.  
Record pH and FAUs/NTUs prior to expt. 
 J.   Autoclave flasks, beakers, centrifuge vials, etc. 
A.1.2 Ferrate Preparation 
A. Ensure water bath is between water level bars.   
B. Dissolve CaOCl2 
1.  Measure weight of water cylinder, add 9.8-9.9 g H2O, re-weigh cylinder. 
2.  Measure weight of NaOH cylinder, add 32.5-32.6 g NaOH, re-weigh cylinder. 
3.  Measure 2.698 g of CaOCl. 
4.  Record all results.  Exact measures will be used in spreadsheet (ss). 
5.  Add water, NaOH, and CaOCl together in reactor.  Stir for 90 mins at 7-8 on dial.  
Parafilm. 
C.  Turn on spectrophotometer (switch turns on in 2 steps).  Warm up >= 15 mins. 
D. Prepare Boric Solution 
  0.7098 g di-sodium hydrogen phosphate (anhydrous) + 0.3814 g sodium tetraborate 
decahydrate in 1 l vol. flask. 
E.    Get computer/spectrophotometer ready.  Go to 001 chem and 510 nm.  Mode of 
operation = scope.  Integration period =19, ave = 1, boxcar = 0.  Wash cuvette 3 times 
w/borate buffer, fill w/borate and insert, and w/spec set to “scope” click on 
“reference” and check that peak is within the frame, and “store”.  Cover hole, click on 
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“dark”, make sure it’s a straight line, and “store”.  Go to mode of operation, 
“absorbance”, and “scan”.  This should be close to zero. 
F.   Bring up Excel and ss. 
G.  Turn on water bath at approx. 80 min, so that it is at 33◦ C when ferrate is added. 
H.  Slowly add 5 g FeCl3 to reactor.  Set t=0. 
I. Every 10 min, add 3 drops ferrate to 50 mls boric acid.  Stir.  Weigh before and after 
and enter difference into ss to determine conversion yield.  Maximum is achieved at 
>80% or over 26 g/l of ferrate. 
J. Use ss to calculate necessary volumes for experiment. 
K. Clean all glassware with 50% HCl and reactor w/10% HCl.  Rinse thoroughly 
w/diH2O 
 
A.1.3 Experimental Procedure for HPC 
A. Use working solution (WS) of E.Coli, or other organism, incubated in Nutrient Broth 
solution for 3-5 days at room temp. 
B. Prepare appropriate plate controls:  open/hood, open/ctr, closed/hood, DB, IO. 
C. Determine appropriate dilutions of WS for TC and HPC.   
D. Apply ferrate per experimental. design, typically 5 mg/l final concentration in 200 
mls.  Ensure that all mixtures are being adequately stirred. 
E. At appropriate times and concentrations, stop reaction by reducing ferrate with 
sodium thiosulfate. 
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F. Make serial dilutions w/dilution buffer.  Plate onto R2A agar plates at appropriate 
dilutions. 
G. Allow plates to dry for 10-15 minutes.  Invert and incubate at 26° C for 3-7 days. 
 
A.1.4 Quantification of HPC 
A. Count all colonies. 
B. Optimum colony counts are 30-300.  Less than 30 is statistically unreliable, and 
greater than 300 results in crowding, which inhibits growth. 
C. Multiply by dilution factor. 
D. Note that final numbers are expressed as cfu/ml.  Since 0.1 ml of sample is typically 
plated, this counts as a dilution and must be included in the final calculation. 
 
A.1.5 Experimental Procedure and Quantification for Quanti-Trays/TC (total coliform)/EC 
(E. coli) 
 
A. 100 mls of diluted sample are mixed with one pack of substrate reagent in a sterile 
vessel, which is then capped and shaken till substrate dissolves.  Colilert-24 substrate 
is used for K. pneumoniae and E. coli; Enterolert is used for Enterococci. 
B. This mixture is poured into a Quant-Tray and sealed in the sealer. 
C. The trays are incubated at 35° C for 24 hours (Colilert-18) or 41° C for 24 hours 
(Enterolert). 
D. Results are read as follows for Colilert-24: 
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 Colorless or very lightly yellow = negative 
 Clearly yellow = positive 
 E. coli will also fluoresce under uv light. 
E. Results are read as follows for Enterolert under uv light: 
 Colorless = negative 
 Clearly fluorescent = positive 
F. The number of positive small and large wells is compared to the chart to determine 
most probable number (MPN). 
G. This gives the MPN in the 100 ml sample.  Divide by 100 to obtain MPN/ml, and 
multiply by any appropriate dilutions. 
 
A.1.6 Sterile Technique—A Few Notes 
The idea is to prevent any contamination of samples and procedures.  Therefore: 
• Use sterile gloves. 
• Wipe down surfaces with disinfectant. 
• Perform testing in biological safety cabinet (BSC). 
• Flame vessel (e.g. bottle) openings before pouring. 
• Get all reagents and equipment ready in BSC before beginning procedure. 






B.1 Econlockhatchee River 
B.1.1 Experiment 1 Disinfection Results for Econlockhatchee River 
Table 10 Econlockhatchee River water samples 12/20/2006 
HPC TC E.Coli 












1 1 14.8 910 2.42E+03 1.24E+02 
2 2 
15 
14.7 540 2.42E+03 1.08E+02 






14.9 80 0.00E+00 1.00E+00 
5 1 14.5 860 0.00E+00 1.00E+00 
6 2 15 14.2 1000 0.00E+00 1.00E+00 






14.4 10 0.00E+00 1.00E+00 
9 1 10.4 0 0.00E+00 1.00E+00 
10 2 
15 
10.3 10 1.00E+00 1.00E+00 





10.6 10 1.00E+00 1.00E+00 
13 1 14.8 5000 1.00E+00 1.00E+00 
14 2 
15 
14.6 4670 1.00E+00 1.00E+00 






14.8 3260 1.00E+00 1.00E+00 
17 1 14.6 130 1.00E+00 1.00E+00 
18 2 
15 
14.6 180 1.00E+00 1.00E+00 





  50 1.00E+00 1.00E+00 
21 1 14.3 50 1.00E+00 1.00E+00 
22 2 
15 
  70 1.00E+00 1.00E+00 






14.9 60 1.00E+00 1.00E+00 
25 1 15.2 12000 1.00E+00 1.00E+00 
26 Untreat 2  7.6 15.2 17500 1.00E+00 1.00E+00 





        










B.1.2 Experiment 2 Disinfection Results for Econlockhatchee 
Table 11 EconLockhtchee River Repetition Experiment 01/23/07 
HPC TC E.Coli 
# sample ID Duplicate Contact Time pH 
Doc  
(mg/l) CFU/ml MPN/100ml MPN/100ml
1 1 70 1.00E+00 1.00E+00 
2 2 
15 13.2 
130 1.00E+00 1.00E+00 







40 1.00E+00 1.00E+00 
5 1 50 1.00E+00 1.00E+00 
6 2 
15 10.8 
50 1.00E+00 1.00E+00 







30 1.00E+00 1.00E+00 
9 1 20 1.00E+00 1.00E+00 
10 2 
15 9.6 
20 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
13 1 10 1.00E+00 1.00E+00 
14 2 
15 13.6 
120 1.00E+00 1.00E+00 







100 1.00E+00 1.00E+00 
17 1 60 1.00E+00 1.00E+00 
18 2 
15 13.5 
80 1.00E+00 1.00E+00 







60 1.00E+00 1.00E+00 
21 1 20 1.00E+00 1.00E+00 
22 2 
15 13.3 
30 1.00E+00 1.00E+00 







40 1.00E+00 1.00E+00 





13.9 10000 2.42E+03 1.04E+02 
27 1         
28 
Untr. ( -2) 
2 
  
        
29 1   1760     
30 




  1860     
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B.1.3  THMs Resutls for Both Experiments 1 & 2 for Econlockhatchee River 
Table 12 THMs results for Ekonlockhatchee 1 & 2 
 
THMs EkonLockhatchee River  EkonLockhatchee River  
Sample Duplicate Chloroform Dichlorobromo Chloroform Dichlorobromo
Untreated  1 0 0 15.2 0 
Untreated  2 0 0 15.2 0 
Fe 2 1 13 0 14.8 0 
Fe 2 2 20 0 14.9 0 
Fe 5 1 113 0 14.4 0 
Fe 5 2 87 0 14.3 0 
Fe 10 1 239 0 10.3 9.39 
Fe 10 2 233 0 10.6 12.23 
Cl 2 1 41 51 14.7 68.6 
Cl 2 2 21 54 14.8 - 
Cl 5 1 112 43 14.6 271.2 
Cl 5 2 164 48 14.6 - 
Cl 10 1 256 12 14.3 724.144 
Cl 10 2 255 17 14.6 - 
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B.2 Lake Claire 1 Experiment 06/24/2007 
B.2.1 Summary for Disinfection Results 
Table 13 Lake Claire 1 Samples Results Experiment 01/24/07 
HPC TC E.Coli 






(mg/l) CFU/ml MPN/100ml MPN/100ml
1 1 10 1.00E+00 10
2 2 
15 14.7 
0 1.00E+00 1.00E+00 







20 1.00E+00 1.00E+00 
5 1 0 1.00E+00 1.00E+00 
6 2 
15 12.8 
0 1.00E+00 1.00E+00 







60 1.00E+00 1.00E+00 
9 1 60 1.00E+00 1.00E+00 
10 2 
15 12.5 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
13 1 0 1.00E+00 1.00E+00 
14 2 
15 14.6 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
17 1 0 1.00E+00 1.00E+00 
18 2 
15 14.7 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
21 1 0 1.00E+00 1.00E+00 
22 2 
15 14.8 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 





14.7 2380 2.42E+03 4.10E+00
27 1        
28 
Untr. ( -2) 
2 
  
       
29 1   10     
30 




  10     
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B.2.2 THMs Results for Experiment 1  Lake Claire 06/24/2007 
Table 14 THMs for Experimrent 1 Lake Claire 06/24/2007 
THM Chloroform DBrClM DClBrM Bromoform 












Untreated  1.0 0.0 0.0 0.0 0.0 0.0     
Untreated  2.0 0.0 0.0 0.0 0.0 0.0     
0.0 
Fe 2 1.0 11.8 0.0 0.0 0.0 11.8 2.0 5.9 
Fe 2 2.0 7.2 0.0 0.0 0.0 7.2 2.0 3.6 
4.7 
Fe 5 1.0 71.4 0.0 0.0 0.0 71.4 5.0 14.3 
Fe 5 2.0 102.2 0.0 0.0 0.0 102.2 5.0 20.4 
17.4 
Fe 10 1.0 114.4 0.0 0.0 0.0 114.4 10.0 11.4 
Fe 10 2.0 175.5 0.0 0.0 0.0 175.5 10.0 17.5 14.5 
Cl 2 1.0 32.6 0.0 0.0 0.0 32.6 2.0 16.3 
Cl 2 2.0 48.3 0.0 0.0 0.0 48.3 2.0 24.2 
20.2 
Cl 5 1.0 204.5 4.3 0.0 0.0 208.7 5.0 41.7 
Cl 5 2.0 191.1 4.5 0.0 0.0 195.6 5.0 39.1 
40.4 
Cl 10 1.0 212.9 4.1 0.0 0.0 217.0 10.0 21.7 
Cl 10 2.0 197.1 7.2 0.0 0.0 204.3 10.0 20.4 21.1 
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B.3 Lake Claire  Experiment 2 01/26/2007 
B.3.1 Disinfection Results Sammery 
Table 15 Sammury for Experiment 2 Lake Claire 01/26/2007 









(mg/l) CFU/ml MPN/100ml MPN/100ml
1 1 4050 1.00E+00 10
2 2 
15 12.7 
830 1.00E+00 1.00E+00 







970 1.00E+00 1.00E+00 
5 1 0 1.00E+00 1.00E+00 
6 2 
15 11.2 
10 1.00E+00 1.00E+00 







10 1.00E+00 1.00E+00 
9 1 10 1.00E+00 1.00E+00 
10 2 
15 10.6 
10 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
13 1 10 1.00E+00 1.00E+00 
14 2 
15 12.7 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
17 1 10 1.00E+00 1.00E+00 
18 2 
15 12.6 
10 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
21 1 0 1.00E+00 1.00E+00 
22 2 
15 12.8 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 





12.7 4310 1.73E+03 1.95E+01





  2700     






  10     
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B.3.2 THMs Results For Lake Claire 2 01/26/2007 
Table 16 THMs Results for Lake Claire 2 
THM Chloroform DClBrM DBrClM Bromoform 

















Untreated  1 0 0 0 0 0     
Untreated  2 0 0 0 0 0     
0.0 
Fe 2 1 52 0 0 0 52 2 26.2 
Fe 2 2 10 0 0 0 10 2 5.1 
15.7 
Fe 5 1 113 0 0 0 113 5 22.5 
Fe 5 2 68 0 0 0 68 5 13.6 
18.1 
Fe 10 1 177 0 0 0 177 10 17.7 
Fe 10 2 100 0 0 0 100 10 10.0 
13.8 
Cl 2 1 89 14 0 0 103 2 51.4 
Cl 2 2 193 19 0 0 212 2 106.2 
78.8 
Cl 5 1 95 14 0 0 108 5 21.7 
Cl 5 2 93 14 0 0 107 5 21.4 
21.6 
Cl 10 1 140 28 0 0 168 10 16.8 




B.4 Seawater Experiment 1 01/28/2007 
B.4.1 Disinfection Results Summary for Seawater Exp.1 01/28/2007 
Table 17 Summary for Results of Experiment 1 Seawater 01/28/2007 
HPC TC E.Coli 




(mg/l) CFU/ml MPN/100ml MPN/100ml
1 1 0 0 0 
2 2 
15 6.6 
0 0 0 







0 0 0 
5 1 0 0 0 
6 2 
15 6.3 
0 0 0 







0 0 0 
9 1 0 0 0 
10 2 
15 5.9 
0 0 0 







0 0 0 
13 1 0 0 0 
14 2 
15 7.1 
0 0 0 







0 0 0 
17 1 0 0 0 
18 2 
15 7 
0 0 0 







0 0 0 
21 1 0 0 0 
22 2 
15 6.8 
0 0 0 







0 0 0 





7 430 2420 162.1 
27 1         
28 
Untr. ( -2) 
2 
  
        
29 1         
30 
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B.4.2 THMs Results for Seawater Experiment 1 01/28/2007 
Table 18 THMs for Seawater Exp. 1 01/28/2007 
THM Chloroform DClBrM DBrClM Bromoform 
Sample Duplicate Conc. ppb Conc. ppb 
Conc. 













Untreated  1 0 0 0 0 0     
Untreated  2 0 0 0 0 0     
0.0 
Fe 2 1 12.7 0 0 432.3 224 2 112.0 
Fe 2 2 19.5 0 0 566.1 205 2 102.5 
107.3 
Fe 5 1 112.7 0 0 444.3 210 5 42.0 
Fe 5 2 87.2 0 0 454.2 280 5 56.0 
49.0 
Fe 10 1 238.5 0 0 310.7 548 10 54.8 
Fe 10 2 232.6 0 0 324.8 511 10 51.1 
53.0 
Cl 2 1 40.6 51.1 0 0.0 279 2 139.5 
Cl 2 2 21.4 54.1 0 503.4 566 2 283.0 
211.3 
Cl 5 1 112.0 43.3 37.6 80.1 456 5 91.2 
Cl 5 2 163.7 48.0 35.0 76.8 487 5 97.4 
94.3 
Cl 10 1 255.6 12.1 0.0 11.5 1724 10 172.4 
Cl 10 2 254.8 17.4 47.8 78.3 571 10 57.1 114.8 
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B.5 eaWater Experiment 2 03/26/2007 
B.5.1 Summary for Disinfection Results of Seawater 2 03/26/07 
Table 19 Summary of Seawater exp. 2 Results 
HPC TC E.Coli 




(mg/l) CFU/ml MPN/100ml MPN/100ml
1 1 0 5.20E+00 10 
2 2 
15 6.6 
0 2.00E+00 1.00E+00 







0 4.10E+00 1.00E+00 
5 1 0 2.11E+01 1.00E+00 
6 2 
15 6.3 
0 7.30E+00 1.00E+00 







0 1.00E+00 1.00E+00 
9 1 10 1.00E+00 1.00E+00 
10 2 
15 6 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
13 1 0 1.00E+00 1.00E+00 
14 2 
15 7 
0 1.00E+00 1.00E+00 







1 7.40E+00 1.00E+00 
17 1 10 1.00E+00 1.00E+00 
18 2 
15 7 
10 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 
21 1 0 1.00E+00 1.00E+00 
22 2 
15 7.1 
0 1.00E+00 1.00E+00 







0 1.00E+00 1.00E+00 





7 1730 2.42E+03 1.20E+03 
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B.5.2 THMs Results for Seawater 2 03/26/2007 
Table 20 THMs Summary for Seawater Exp. 2 03/26/2007 
THM Chloroform DClBrM DBrClM Bromoform 
Sample Duplicate Conc. ppb Conc. ppb 
Conc. 













Untreated  1 9 0 0 0 9     
Untreated  2 8 0 0 0 8     
0.0 
Fe 2 1 6 1 4 91 101 2 50.7 
Fe 2 2 3 1 3 52 59 2 29.5 
40.1 
Fe 5 1 10 1 11 277 299 5 59.9 
Fe 5 2 9 1 7 198 216 5 43.2 
51.5 
Fe 10 1 8 3 29 558 598 10 59.8 
Fe 10 2 6 3 31 644 684 10 68.4 
64.1 
Cl 2 1 5 0 3 93 101 2 50.6 
Cl 2 2 14 1 5 170 189 2 94.5 
72.6 
Cl 5 1 10 1 6 347 364 5 72.8 
Cl 5 2 13 1 8 460 482 5 96.3 
84.6 
Cl 10 1 23 3 31 1307 1363 10 136.3 




Wastewater Experiment 1 Results 03/28/2007 
B.5.3 THMs Results for Wastewater Experiments 1 
Table 21 THMs for Wastewater Experiment 1 
THM Chloroform DClBrM DBrClM Bromoform









Untreated  1 0 0 0.0 0.0 0     
Untreated  2 0 0 0.0 0.0 0     
0.0 
Fe 2 1 7 4 13.6 73.4 97 2 48.7 
Fe 2 2 8 1 6.5 66.9 83 2 41.3 
45.0 
Fe 5 1 26 0 11.8 68.6 106 5 21.3 
Fe 5 2 28 0 15.4 92.1 136 5 27.3 
24.3 
Fe 10 1 82 0 32.2 181.2 296 10 29.6 
Fe 10 2 103 0 28.8 169.1 301 10 30.1 
29.9 
Cl 2 1 13 1 7.9 191.6 213 2 106.7 
Cl 2 2 10 0 19.4 187.4 217 2 108.6 
107.7 
Cl 5 1 22 6 1.4 268.3 298 5 59.6 
Cl 5 2 28 8 0.8 281.7 318 5 63.6 
61.6 
Cl 10 1 80 15 2.4 357.7 455 10 45.5 




B.5.4  Wastewater Experiment 1 Summary for the Results 03/28/2007 
Table 22 Summary for Wastewater Effluent Experiment 1 03/28/2007 






(mg/l) CFU/ml TC  E.Coli  Ppm ppm ppm mg/l ppm ppm 
1 1 2600 <1 <1 
2 2 
15 11.9 
4400 <1 <1 
0.00 1.60 2.69 10.00 0.00 129.18







1800 3 <1 
0.00 1.50 2.34 17.80 215.48 191.95
5 1 670 18.1 <1 
6 2 
15 12.4 
590 <1 <1 
0.00 1.40 2.11 1.40 466.56 35.02 






190 9.7 <1 
0.00 1.10 2.17 0.80 270.41   
9 1 120 3 <1 
10 2 
15 10.5 
90 0 <1 
0.00 0.60 0.88 0.00 74.25 152.71







70 0 <1 
0.00 0.60 1.00 0.20 58.56 144.87
13 1 4800 1.27E+02 <1 
14 2 
15 12.7 
6200 5.20E+00 <1 
0.00 0.60 2.05 18.20 89.94 129.18







3800 2.00E+00 <1 
0.00 0.60 2.99 18.20 121.33 144.87
17 1 1210 10 <1 
18 2 
15 12.7 
930 <1 <1 
0.00 0.70 2.81 7.20 152.71 191.95







510 6.1 <1 
0.00 0.60 2.58 10.20 121.33 160.56
21 1 260 5 <1 
22 2 
15 10.9 
240 5 <1 
0.00 0.70 2.69 17.60 74.25 152.71







210 0 <1 
0.00 0.70 2.81 17.60 66.41 152.71





10.8 TNTC >2420.2 104 0 1.5 2.5 2.6     
29 1   1020 1732870 146700             
30 Untr. ( -3) 2 
N/A 
  
  1860 1732870 142100             
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B.6 Wastewater Experiment 2 Results 04/16/2007 
B.6.1 THMs Results for Wastewater Experiment 2 04/16/2007 
Table 23 THMs for WasteWater Experiment 2 04/16/2007 
THM Chloroform DClBrM DBrClM Bromoform












Untreated  1 0 0 0.0 0.0 0     
Untreated  2 0 0 0.0 0.0 0     
0.0 
Fe 1 1 0 0 0.0 0.0 0 1 0.0 
Fe 1 2 0 0 0.0 0.0 0 1 0.0 
0.0 
Fe 2 1 6 1 0.0 0.0 6 2 3.1 
Fe 2 2 6 1 0.0 0.0 7 2 3.5 
3.3 
Fe 5 1 89 1 0.0 0.0 90 5 17.9 
Fe 5 2 96 1 0.0 0.0 97 5 19.4 
18.7 
Cl 1 1 11 0 0.0 0.0 11 1 11.4 
Cl 1 2 5 0 0.0 0.0 5 1 5.4 
8.4 
Cl 2 1 26 2 1.3 0.0 30 2 15.0 
Cl 2 2 24 1 1.2 0.0 26 2 13.2 
14.1 
Cl 5 1 76 12 31.9 0.0 120 5 23.9 




B.6.2 Summary for Wastewater 2 Disinfection Results 
Table 24 Wastewater 2 Experiment Summary for Results 




(mg/l) CFU/ml TC  E.Coli ppm ppm ppm mg/l ppm 
1 1 TNTC >2419.2 61.6 
2 2 
15 13.2 
TNTC 2419.17 40.4 
0 2 1.6 7.6 380.3 







TNTC 2419.17 64.5 
0 2 1.5 7.6   
5 1 1440 435.2 5.2 
6 2 
15 10.8 
2080 344.8 8.4 
0 1.6 1.4 1.2 223.3 







1600 1553.07 18.1 
0 2.2 1.1 1.6 254.7 
9 1 430 10.9 <1 
10 2 
15 9.6 
820 8.6 <1 
0 1.9 0.6 0.4 168.4 







190 6.3 <1 
0 2 0.6 0.6 160.6 
13 1 4800 2.42E+03 2419.2 
14 2 
15 13.6 
6200 2.42E+03 2419.2 
0 2 0.6 16 427.3 







3800 5.89E+01 57.6 
0 2 0.6 16.6 427.3 
17 1 TNTC 177 29.2 
18 2 
15 13.5 
TNTC 101.5 19.9 
0 2.1 0.7 16.6 427.3 







TNTC 1046.24 24.7 
0 2.1 0.6 16.8 427.3 
21 1 960 18.9 0 
22 2 
15 13.3 
690 12.1 0 
0 1.7 0.7 16.8 325.3 







430 10 0 
0 2.3 0.7 17 317.5 





13.9 TNTC >2420.2 >2419.2 0 2.2 1.5 2.8 356.7 
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B.7 Wastewater Experiment 3 Results 04/18/2007: 
B.7.1 THMs Results for Wastewater 3 04/18/2007 
Table 25 THMs for Wastewater Experiment 3 04/18/2007 
THM Chloroform DClBrM DBrClM Bromoform
Sample Duplicate Conc. ppb Conc. ppb Conc. ppb Conc. ppb 
Total THM 
(ppb) 
Untreated  1 0 0 0.0 0.0 0 
Untreated  2 0 0 0.0 0.0 0 
Fe 1 1 8 0 0.0 0.0 8 
Fe 1 2 11 0 0.0 0.0 11 
Fe 2 1 25 0 0.0 0.0 25 
Fe 2 2 29 0 0.0 0.0 29 
Fe 5 1 54 0 0.0 0.0 54 
Fe 5 2 51 0 0.0 0.0 51 
Cl 1 1 14 0 0.0 0.0 14 
Cl 1 2 17 0 0.0 0.0 17 
Cl 2 1 32 0 0.0 0.0 32 
Cl 2 2 35 0 0.0 0.0 35 
Cl 5 1 92 5 0.0 0.0 97 
Cl 5 2 89 3 0.0 0.0 92 
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B.7.2  Summary for Disinfection of wastewater Experiemnt 3 
Table 26 Summary for results of Wastewater Experiment 3 04/18/2007 




(mg/l) CFU/ml TC  E.Coli MP ppm mg/l ppm 
1 1   1.30E+06 1.30E+05 
2 2 
15 8.4 
  1.20E+06 7.49E+04 
1.90 12.00 75.00 







1.10E+05 1.41E+06 6.01E+04 
2.10 22.20 56.20 
5 1   2.72E+05 2.13E+04 
6 2 
15 8.2 
  3.45E+05 1.46E+04 
1.70 14.30 28.00 






7.10E+04 3.87E+05 1.09E+04 
1.70 9.10 54.40 
9 1   35.4 <1 
10 2 
15 8.2 
  30.7 0 
2.10 8.80 112.30







1.00E+04 17.3 0 
2.10 7.60 127.50
13 1   1.20E+06 3.05E+04
14 2 
15 8.6 
  1.05E+06 2.26E+04
2.40 23.20 146.70









17 1   7.49E+04 0 
18 2 
15 8.7 
  7.71E+04 0 
1.90 5.60 224.60







4.00E+04 1.22E+04 <1 
1.80 7.60 140.00
21 1 9600 29.5 <1 
22 2 
15 8.7 
12100 32.2 <1 
4.20 16.50 171.30







12900 0 <1 
2.50 15.60 164.70













C.1 DOC Vs THMs for All water Samples 
Table 27 and Figure 8 shows that there is no relation can be excluded between THMs formed and DOC Concentration of Raw 
Water. 
 
Table 27 DOC Vs THMs for all water source Samples 
 
THMS produced by Dosage  
2 ppm 5 ppm 10 ppm 














































12.7 6.4 52.3 26.2 212.4 106.2 2.5 90.0 18.0 108.4 21.7 1.3 176.8 17.7 167.9 16.8 
SeaW
ater1 7.0 3.5 45.0 22.5 91.7 45.8 1.4 225.0 45.0 323.4 64.7 0.7 557.5 55.7 1598.3 159.8 
seaWa
ter2 4.8 2.4 95.9 47.9 177.8 88.9 1.0 249.0 49.8 472.0 94.4 0.5 678.1 67.8 1353.3 135.3 
W.W1 10.9 5.5 136.4 68.2 217.2 108.6 2.2 121.0 24.2 318.0 63.6 1.1 301.5 30.1 454.7 45.5 
W.W2 13.9 6.9 1.7 0.8 29.9 15.0 2.8 93.0 18.6 134.9 27.0 1.4         
W.W3 8.6 4.3 27.0 13.5 32.0 16.0 1.7 52.0 10.4 95.0 19.0 0.9         
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Figure 8 Realtions Between THMs formed and DOC for different Samples in different water Samples; A) THMs Vs. Raw Water 
DOC For 2ppm Fe & Cl, B) THMs Vs. Raw Water DOC for 5 ppm dosage of Fe & Cl, C) THMs/ ppm Dosage Vs. Raw Water 
DOC For 10ppm Fe & Cl 
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% Decreasing in THMs produced from Ferrate at same Dosages of Chlorine 
 Figure 9 shows that ferrate was able to minimize THMs formed when used at the same doses instead of chlorine, the 
average of the all samples at all dosages was 48.3% ± 12%. 
 
 








Figure 10 THMs produced for Different Samples and Doses Fe Vs. Cl with Standard Diviation.; 
A) Lake Claire 1, B) Lake Claire 2, C) Seawater 1, D) Seawater 2, …………E) Wastewater 1, F) 




% Decrease in THMs Fe Among Cl Correspondng to 99.9% (3-Log) Kill of HPC 
 Figure 11 Emphasizes that ferrate produces THMs less than Chlorine when used in 
disinfectant to achieve a 3-Log kill for HPC bacteria. 
 







Calculations of Ferrate and Hypochlorite Doses Added for Samples 
 Ferrate is first prepared using the wet oxidation method described previously waiting 
until it yields its maximum concentration then used. 
 Dosages normally were added in two different parts: first for 125ml amber glass bottle 
for the THM, and the second part for disinfection samples of 700ml volume. These sample 
calculations are for doses used to experiment Lake Claire1 01/26/2007: 
- Initial Hypochlirte concentration: 156 gm/l: 
o 10ppm Cl dose for 700ml (700,000 µl) samples: 
 156 (g/l) x 1000 (mg/gm) x Vneeded = 10 (mg/l) x 700,000 (µl) 
 Vneeded = (10 x 700,000)/(156 X 1000) = 44.9 µl  
 
- Intinial Ferrate concentration for 125 ml THM samples:  17.77 gm/l: 
o 5 ppm Fe+6 dose for 125 ml (125,000 µl) samples: 
 17.77 (g/l) x 1000(mg/gm) x Vneeded = 5 (mg/l) X 125,000 (µl) 
 Vneeded = (5 x 125,000)/(17.77 X 1000) = 35.2 µl  
 
- Initial Ferrate concentration for 700ml disinfection sample: 16.56 gm/l: 
o 52ppm Fe+6 dose for 700 ml (700,000 µl) samples: 
 16.56 (g/l) x 1000(mg/gm) x Vneeded = 2 (mg/l) X 700,000 (µl) 
 Vneeded = (2 x 700,000)/(16.56 X 1000) = 84.5 µl  
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D.1  Sample Calculation for Spike Preparation and Percent Recovery Calculation 
 Spiking is a technique used for most experiments to assure the quality and accuracy of 
the procedure and results.accurate results when spiked samples get precent recovery between 85-
115%  Spikes normally prepared by adding a small known volume of stock standards of the 
contaminant tested to a known volume of certain samples picked randomly from the samples 
tested. Normally 2-3 spikes for all experiments were prepared, one for raw water sample, another 
for one of the ferrate doses, and the third is for one of the chlorine doses.  
 This sample calculation will be for effluent wastewater experiment #2 in 04/16/2007. In 
this experiment two spikes prepared for 2ppm Cholrine dose and for the raw effluent sample.   
 Stock KHP standard of 200ppm DOC was used to prepare the standard curve and the 
spikes.  
- 1 ml of 200pm DOC is added for a 49 ml sample to form a 50 ml spiked solution. 
- Readings were as follows: 
o Raw effluent average DOC reading: 13.8ppm; spiked reading: 15.7ppm. 
o 2ppm Chlorine dose sample average reading: 13.6ppm;  15.8 ppm. 
 % Recovery for Raw effluent DOC=  
=100 ((DOCstd x Volstd) + (DOCraw x Volraw))/ (DOCspike x Volspike) 
= 100 x ((200ppm x 1ml) + (13.8ppm x 49ml))/ (15.7ppm x  50ml) 
= 110.9%. 
 % Recovery for Raw effluent DOC= 
=100 ((DOCstd x Volstd) + (DOCCl x VolCl))/ (DOCspike x Volspike) 
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= 100 x ((200ppm x 1ml) + (13.6ppm x 49ml))/ (15.8ppm x  50ml) 
= 109.4%. 
 
D.2 Sample Calculations for Dilution Prepared 
 
 Dilution is a technique used when samples have high concentration beyond the detection 
limit of the test protocol used. Dilutions are used widly for micro organism’s tests as to make 
concentration detectable.  
Normally dilutions for microorganisms lower the concentration by number of logs (1:10 , 
1:100, 1:1000 etc). This sample calculations will show how dilutions were prepared for HPC 
samples when needed, Seawater experiment #1 will be used for sample calculations of dilutions 
used for HPC samples. As mentioned previously, Dilution buffer (DB) is used from preparations 
of dilutions. 
- Raw sample is considered to be 10-1 in terms of dilutions. 
- 10-3 dilution is prepared using dilution buffer in two steps: 
1. Preparation of 10-2: 1 ml of sample is added to 9ml of dilution buffer then 
vortexed. New dilution= 1 x10-1 / 10 = 1x10-2 
2. Preparation of 10-3: 1ml of 10-2 prepared is added to a new 9ml of DB and then 
vortexed. New dilution= 1x10-2/10 = 1x10-3. 
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D.3 Sample Calculation for converting Data to concentrations from tests 
 Most of the experiments are run through equipements that give readings which need to be 
analyized according to reference (e.g standard curve) to get actual concentrations of parameter 
being tested. 
 For the tests done, for example the DOC analyzer or the GC gives the reading in terms of 
area under peaks were DOC or THMs (Chloroform, DClBrM, DBrClM, Bromoform) each has 
its own peak and area that reperesnts tne concentration in the solution, in this case standard curve 
is run along with the samples to be as a reference for the areas to be converted into a 
concentrations. Linearized tredline with correlation value close to 100% (no less than 98%) 
should be obtained to use this standard curve readings to refere the sample data to, normally after 
adding the tredline the formula that best fits and reperesents this line is used to convert the data. 
 In this sample calculations data to THMs (chloroform only) is shown with wastewater 1 
experiment, starting with standard curve and best tredline with its formula used to show the 
actual THM concentrations. 
Table 28 Chloroform Area and Reading according to standard Curve 
THM Cloroform 
 Sample Duplicate Area Conc. ppb 
Untreated  1 6679 0 
Untreated  2 9300 0 
Fe 2 1 8275 7 
Fe 2 2 9833 8 
Fe 5 1 29244 26 
Fe 5 2 32316 28 
Fe 10 1 92095 82 
Fe 10 2 115346 103 
Cl 2 1 15072 13 
Cl 2 2 11866 10 
Cl 5 1 24844 22 
Cl 5 2 31464 28 
Cl 10 1 89177 80 
Cl 10 2 90520 81 
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Figure 12 Standarad Curve for Chloroform opf Wastewater Exp.# 1 03/29/2007 
 






 131317 125 
167436 150 
 
- From standard Curve obtained Figure 12, formula (Y=0.0009x – 0.654) represents the 
best the realtion between the area under the obtained from the GC and actual 
concentration this area represents, for example as shown in Table 28, Area under peak for 
ferrate dosage Fe 10 (Duplicate 1) was 92095 this area is applied to the formula: 
o  Chloroform = 0.0009(92095) – 0.654= 82.2 ppb.  
D.4 Statistical Analysis for Results 
 As in the analysis section for chapter 3, there was some statistical analysis that needed to 
get some results such as the averages and standard diviations with confidence intervals. This 
section will show the calculations conducted to obtain the average 100% reduction in THM 
formation between ferrate and chlorine, Table 30 shows all the doses for all experiments with the 
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% reduction in THM between ferrate and chlorine, no names included for samples since no need 
for it, however the names and labels for the samples are replaced by number to help making the 
calculations easier. 
Table 30 Statisitical Analysis for % Reduction in THM Formation between Fe and Cl 
# % Reduction Arranged ( x-x' ) (x-x')^2 
1.0 76.6 11.6 -36.7 1343.3 
2.0 80.1 16.1 -32.2 1035.9 
3.0 48.0 19.7 -28.6 819.4 
4.0 41.5 24.6 -23.7 563.0 
5.0 58.2 28.4 -19.9 394.5 
6.0 100.0 31.2 -17.1 292.6 
7.0 39.7 34.3 -14.0 194.8 
8.0 57.1 39.7 -8.5 73.1 
9.0 16.1 39.9 -8.4 70.9 
10.0 24.6 41.5 -6.8 46.5 
11.0 39.9 44.6 -3.7 13.9 
12.0 60.6 46.6 -1.7 3.0 
13.0 96.0 48.0 -0.3 0.1 
14.0 19.7 57.1 8.8 76.9 
15.0 31.2 58.2 9.9 98.3 
16.0 11.6 59.5 11.2 126.2 
17.0 59.5 60.6 12.3 150.6 
18.0 46.6 76.6 28.3 798.4 
19.0 34.3 80.1 31.8 1013.8 
20.0 28.4 96.0 47.7 2274.8 
21.0 44.6 100.0 51.7 2673.2 
Sum 1014.2 0.0 12063.3 
-  
- Average for % Reduction = Values/ # of Values 
= 1014.2/21= 48.3% 
- Standard Deviation of the the samples= √12063.3/√(21-1) = ±24.6. 
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